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Leptogenesis and Yukawa textures
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~Received 2 April 1999; published 9 September 1999!

We study a set of textures giving rise to the correct masses and mixings of the charged fermions in the
context of leptogenesis. The Dirac neutrino texture pattern is assumed to be identical with the up quark texture.
The heavy Majorana neutrino mass matrix is obtained by inverting the type-I seesaw formula and using the
neutrino masses and mixings required by the solar and atmospheric neutrino oscillation experiments as input.
After making a feasibility study of the generated lepton asymmetry via the decay of the heavy right handed
neutrino, we compute the generated baryon asymmetry by numerically solving the supersymmetric Boltzmann
equations. We find for these models that both the hierarchy of the texture as well as the placement of the
texture zeros are important to the viability of leptogenesis as the source of the observed baryon asymmetry of
the universe.@S0556-2821~99!02517-5#

PACS number~s!: 12.15.Ff, 13.35.Hb, 14.60.Pq
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I. INTRODUCTION

Relationships between fermion masses and mixings h
been the subject of much theoretical interest starting wit
postulated relationship between the Cabibbo angle and
down and strange quark masses. Most of the unknown
rameters in the standard model~SM! occur in the Yukawa
sector and any relationships between these parameter
welcome theoretically and are experimentally testable. T
interest in models of fermion masses and mixings acce
ated with the advent of grand unified theories. In these m
els, the gauge multiplets of the standard model are uni
into multiplets of the grand unified gauge group, and re
tionships between the parameters emerge naturally as a
sequence of the larger symmetry. These models can be
mented by global symmetries or texture zeros in the Yuka
coupling matrices can be assumed, leading to further pre
tions.

A mystery of the Yukawa sector is the obvious hierarc
that exists in fermion masses and mixings. The top qu
mass is much larger than the charm quark mass which is
much larger than the up quark mass, for example. T
Cabibbo-Kobayashi-Maskawa~CKM! matrix is measured
experimentally to have small mixing angles. Clearly a fu
damental theory that explains the origin of the couplings
the Yukawa sector rather than just parametrizing th
should explain these features. The Yukawa sector of the s
dard model is parametrized in terms of 333 matrices, so the
hierarchy exhibits itself as a hierarchy among the element
these matrices.

The usual predictions from these models of fermi
masses and mixings are relationships between the mass
quarks and leptons or between the mixing angles of
CKM matrix and dimensionless ratios of the quark and le
ton masses. In addition there are often predictions for
amount of charge conjugation-parity (CP) violation and pre-
dictions for theCP asymmetries of meson decays. It is
interest to consider whether further constraints are obta
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after making reasonable assumptions about some o
physical observable. In this paper we consider textures~or
patterns of zero entries! of Yukawa coupling matrices and
assume that the baryon asymmetry has its origins in the
cay of heavy Majorana neutrinos which violate lepton nu
ber. The asymmetry in lepton number is recycled into
baryon number asymmetry via the sphaleron process. T
idea was first put forward by Fukugita and Yanagida@1# and
has come to be known as baryogenesis via leptogen
While this constraint is admittedly more speculative than
comparison of masses and mixing angles derived from
periment, it is instructive to determine which properties
the Yukawa textures are essential for the baryogenesis
leptogenesis to work.

Sakharov pointed out@2# that a small baryon asymmetr
may have been produced in the early universe if three c
ditions are satisfied:~1! baryon number is violated,~2!
charge conjugation symmetry~C! andCP are violated, and
~3! there is a departure from thermal equilibrium.1 Since both
C and CP are violated in the standard model, and bary
number is violated by a nonperturbative effect called spha
rons, the natural place to look first to explain the generat
of a baryon asymmetry is within the standard model itse
However this line reasoning does not work: the requir
Higgs boson masses is too small and has been ruled ou
the direct searches at the CERNe1e2 collider LEP@4#. One
can try to extend the standard model: one popular attack
consider the minimal supersymmetric standard mo
~MSSM! and assume that the source of theCP violation is
still contained within the CKM matrix@5#. One can achieve
the observed baryon asymmetry, but only at the expens
going to a corner of parameter space, namely one requir
light scalar top quark~top squark or stop!. This kind of so-
lution should rightly be regarded as unnatural on theoret
grounds, although it is of much experimental and pheno
enological interest primarily because it is just out of reac

We pursue in this paper the alternative approach of bar
genesis via leptogenesis: With the confirmation of the atm

1A baryon asymmetry could arise even in thermal equilibrium
CPT is violated. See, for example, Ref.@3#.
©1999 The American Physical Society09-1
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MICHEAL S. BERGER AND BISWAJOY BRAHMACHARI PHYSICAL REVIEW D60 073009
spheric neutrino anomaly in the SuperKamiokonde@6,7#, it
seems plausible to start from the point of view that it is like
that the neutrino mixing is occuring and the neutrinos ha
masses given by a see-saw mechanism. The heavy Majo
neutrino mass matrix is obtained by inverting the type-I s
saw formula

meff5mD
T 1

MN
mD , ~1!

and using the neutrino masses and mixings required by
solar and atmospheric neutrino oscillation experiments
input.2 The neutrino sector contains a new source ofCP
violation; the interference between tree-level and one-lo
contributions to the Majorana neutrino decays can give
to a lepton asymmetry. In this scenario, the amount ofCP
violation that gives rise to a lepton asymmetry and ultimat
to a baryon asymmetry depends critically on the Dirac m
matrix of the neutrinos in two ways:~1! the overall hierarchy
pattern of the matrix and~2! the placement of the textur
zeros.3 Furthermore, the generated lepton asymmetry can
erased by subsequent lepton-number violating scattering
this dilution can depend on the placement of the texture
ros.

In this paper we start from the position that the posit
observation in the solar and atmospheric neutrino exp
ments suggest that there is a new scale of heavy physics
assume that heavy right-handed neutrinos exist and the l
ness of the observed neutrinos is the result of a see
mechanism. In this framework we study the plausibility
leptogenesis in the case of neutrino Dirac mass matrices
texture zeros and hierarchical structure similar to the o
that are consistent with low-energy data in the quark sec

II. YUKAWA TEXTURES

Ramond, Ross, and Roberts~RRR! performed@8# a sys-
tematic search for all possible symmetric quark and lep
mass matrices with five texture zeros at the unification sc
that are compatible with low-energy measurements. T
found a total of five possible solutions, which we displ
again in Table I for convenience.

We assume the Dirac neutrino mass matrix at the G
scale has the same texture zeros as the up quark matrix

mD8 .mu5luv sinb. ~2!

In certain situations where the Yukawa interactions are m
mal, grand unified symmetry enforces an exact equa
More generally one might expect the equality of elements
the neutrino texture and the up quark texture not be ex
but be related by Clebsch coefficients~very often 3!. These

2We neglect the possibility that there are contributions from
left-handed Higgs triplet.

3If a texture zero predicts a small level ofCP violation at the
grand unified theory~GUT! scale, this suppression will be pre
served by the renormalization group scaling.
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Clebsch factors are typically small and do not upset the
erarchy of the matrices. The general qualitative features
our analysis is not affected by these factors of order 1, si
the amount of baryon asymmetry generated in a model w
a particular texture is governed by the hierarchy~given in
terms of the parameterl which is fixed by the Cabibbo
angle! and the position of the texture zeros.

III. NUMERICAL SOLUTIONS

We consider small angle Mikheyev-Smirnov-Wolfenste
~MSW! solution of the solar neutrino problem through th
mixing ne↔nm and maximal mixing solution of atmospher
neutrino oscillation through the mixingnm↔nt . We take as
inputs the following neutrino masses consistent with the
perimental measurements, namely@6,9#:

0.8, sin2 2u23,1, 1023,Dm23
2 ,1022, ~3!

331023, sin2 2u12,231022, 531026,Dm12
2 ,1025.

~4!

The inverse neutrino mass matrix is

meff
215S 1/m1 0 0

0 1/m2 0

0 0 1/m3

D . ~5!

This can be rotated by a mixing matrix

V5V13V12V23, ~6!

whereVi j is a rotation matrix in between thei , j rows and
columns by an angleu i j . For example,

a

TABLE I. The list of textures suggested by RRR.

Solution lu ld

1 S 0 A2l6 0

A2l6 l4 0

0 0 1
D S 0 2l4 0

2l4 2l3 4l3

0 4l3 1
D

2 S 0 l6 0

l6 0 l2

0 l2 1
D S 0 2l4 0

2l4 2l3 2l3

0 2l3 1
D

3 S 0 0 A2l4

0 l4 0

A2l4 0 1
D S 0 2l4 0

2l4 2l3 4l3

0 4l3 1
D

4 S 0 A2l6 0

A2l6 A3l4 l2

0 l2 1
D S 0 2l4 0

2l4 2l3 0

0 0 1
D

5 S 0 0 l4

0 A2l4 l2/A2

l4 l2/A2 1
D S 0 2l4 0

2l4 2l3 0

0 0 1
D
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LEPTOGENESIS AND YUKAWA TEXTURES PHYSICAL REVIEW D60 073009
V125S c12 s12 0

2s12 c12 0

0 0 1
D , ~7!

wheresi j 5 sinuij andci j 5 cosuij . We have taken the mix
ing matrix to be real for simplicity. Then the Majorana ma
matrix in this basis is

MN5mD8
TVmeff

21VTmD8 . ~8!

The lepton asymmetry is created by the decay of the ligh
of the heavy majorana neutrinos. Consequently we hav
go to a basis in which the Majorana mass matrix is diago
This can be diagonalized by a matrixK so that

MN
diag5KTMNK. ~9!

Note the Dirac and Majorana mass matrices are rela
through Eq.~1!. It can be easily seen that the Dirac neutri
mass matrix in such a basis is

mD5KmD8 KT. ~10!

The CP asymmetries in the neutrino decays arise from
interference between the tree level and one-loop level de
channels@10,11#

e j52
1

8pv2
2

1

~mD
† mD! j j

(
nÞ j

Im@~mD
† mD!n j

2 #gS an

aj
D ,

~11!

where

g~x!5AxF lnS 11x

x D1
2

x21G , ~12!

v25v sinb. The quantityai5(Mi /M1)2. whereMi are the
three eigenvalues of the heavy Majorana mass matrix
M1 is the mass of the lightest of the three heavy Majora
neutrinos. The other parameter of most interest is the m
parameter

m̃15
~mD

† mD!11

M1
, ~13!

which largely controls the amount of dilution caused by t
lepton number violating scattering.4 A large enough lepton
asymmetry can result only ifm̃1 is in the range 1025,m̃1

,1022 @10#. For too small values ofm̃1, the Yukawa inter-
actions are too weak to bring the neutrinos into equilibriu
at high temperatures. For too highm̃1, the lepton number
violating scatterings wash out most of the asymmetry afte
is generated.

4This parameter is especially important in the supersymme
scenarios there exists a large number of scattering diagrams w
are lepton number violating, and the Yukawa interactions are m
more important.
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Scanning over the allowed ranges for the neutrino mix
angles and takingl50.22, one can find the regions in th
m12m22m3 parameter space for which two conditions a
satisfied: ue1u.1026; 1025,m̃1,1022. We assume for
definiteness in our numerical results that the neutrino Di
mass matrix is identical to the up quark mass matrix.5 There
is an undertermined phase in this procedure which we
assume is such that the maximalCP asymmetry is obtained
since we are determining the points for which it ispossibleto
obtain the required baryon asymmetry.

As an example the allowed regions for texture 4 is sho
in Fig. 1 with the neutrino mixings set tos2350.55, s12
50.07 ands13520.03. For a particular choice of the neu
trino mixing angles only a narrow three dimension region
allowed in the full parameter space. This region is charac
ized by larger values of the lightest right-handed neutr
mass (107,M1,108 GeV!, and smaller values for the neu
trino quark mass matrix parameter (mD

† mD)11. This repre-
sents a moderately fine-tuned solution which can be un
stood from the hierarchical structure of the mass matrice
follows.

Consider a generic matrix exhibiting the hierarchy giv
by the textures

lD
generic5S Al8 Bl6 Cl4

B8l6 Dl4 El2

C8l4 E8l2 1
D , ~14!

whereA, B, B8, . . . ,E8 are coefficients of order 1. The lead
ing l dependence of the parameters most important to
togenesis for this generic hierarchy is shown in Table
Also shown are thel dependence of the five RRR texture
one sees that textures 2, 4, and 5 haveCP violation e1 of the

ic
ich
h

5Relaxing this choice, or choosing a different sign for the neutr
mixing angles will change the quantitative results, but not the qu
tative ones.

FIG. 1. The allowed solutions form1 and m3 that generate a
sufficient baryon asymmetry for texture 4.
9-3
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same order as the generic case, while textures 1 and 3
further suppressed by powers ofl ~the suppression byl4

assumes that the texture zeros are exact!. Furthermore tex-
ture 1 has an enhancedm̃1 which implies that for this texture
the dilution factor is very large.

If one assumes the hierarchy suggested by the RRR
tures then there must be some fine-tuning of the light n
trino masses to get a solution with a sufficient amount
leptogenesis. That is because the parameterm̃1 which gov-
erns the dilution of the produced lepton asymmetry is
large for typical values of the light neutrino masses, rela
via the seesaw as

m̃1;l28
v2

2

M1
. ~15!

The RRR textures fall into the category of the generic text
defined above, where the eigenvalues are in the r
1:l24:l28. We find that in this case there is some fin
tuning required to achieve the required amount of leptog
esis; in Fig. 1 there is only a small pencil-like region whi
produces an adequate lepton asymmetry. For other choic
the neutrino mixing angles there is a different linear corre
tion between the neutrino masses, but the same fine-tunin
required. This is becausem̃1 predicted by the RRR texture
is typically too large by a factorl4 and theCP violation e1
is too small by the same factor. If instead a more mod
hierarchy for the neutrino Dirac masses is assumed,
1:l22:l24, then one finds that atypical value of the light
neutrino masses allowed by the solar and atmospheric
trino experiments can generated the required level of le
genesis. This suggests that the leptogenesis occurs
naturally in cases with the reduced hierarchy, and the R
textures must be fine-tuned to achieve the required lepto
nesis.

Since leptogenesis can only occur after the end of in
tion, the subsequent thermal production of massive gra
nos can occur. The gravitinos interact weakly and the
decays of these can modify the observed abundances of
elements or overclose the universe@12#. The right-handed
neutrino massM1 in our numerical solutions is sufficientl
light to admit a solution to the gravitino problem@13#.

TABLE II. The leading l dependence of various paramete
important to leptogenesis. textures 1 and 3 have leadinge1 that is
subleading inl, so any solutions are exceedingly fine-tuned.
addition, texture 1 typically has too large a dilution factor beca

m̃1 is enhanced. Only Textures 2, 4, and 5 offer solutions that
not overly fine-tuned.

Texture (mD
† mD)11 M1 m̃1

e1

generic l8 l16 l28 l12

1 l12 l16 l24 l16

2 l8 l16 l28 l12

3 l8 l16 l28 l16

4 l8 l16 l28 l12

5 l8 l16 l28 l12
07300
are

x-
-
f

o
d

e
io
-
-

of
-
is

st
ay

u-
o-
ore
R
e-

-
i-
te
ht

IV. BOLTZMANN EQUATIONS

The size of the lepton asymmetry that results can be
culated using the full set of Boltzmann equations@14#. These
have been studied in the scenarios where there are only
standard model particles@15#, but have become available re
cently in the full supersymmetric case as well@10#. We con-
sider the supersymmetric case here since the supersymm
Yukawa interactions are sufficient to produce a therm
population of right-handed neutrinos after reheating~the
nonsupersymmetric model requires the introduction of n
interactions@16,17#!. The Boltzmann equations become qu
involved for the supersymmetric case, where it is known t
the dilution factor can be enhanced over the nonsupers
metric case because of the enhanced effect of the Yuk
interactions.

In principle what is desirable is to scan over all possib
values for the masses and mixings of the neutrinos that
consistent with the solar and atmospheric neutrino oscilla
experiments, and to determine the viable parameter cho
We do not do that here for three reasons:~1! computational
power is exhausted after a few points, as each solution of
Boltzmann equation for a parameter choice involves num
cally integrating a set of differential equations each of wh
involves a further numerical integration~this integration is
needed to calculate the reaction density for the two bo
scatterings which can occur over the full kinematic rang!,
~2! the exact equality between the neutrino and up qu
Dirac matrices is probably only approximate, so our resu
must be considered qualitative only, and~3! there is an un-
known phase in the Dirac neutrino mass matrix that contr
the amount ofCP violation in the heavy neutrino decays, s
one can only determine an upper bound on the amoun
lepton asymmetry generated. So we confine ourselves he
demonstrating that a particular parameter and texture ch
can produce a baryon, asymmetry consistent with obser
result

YB5
nB

s
5~0.621!310210, ~16!

wherenB is the number density of baryons ands is the en-
tropy density. This quantity conveniently is insensitive to t
dilution that comes about from the expansion of the univer
Similar densitiesYi can be defined for all number densitie
ni .

Figure 2 shows the evolution of the neutrino densities a
the lepton asymmetry as a function of the temperatureT
throughz5M1 /T for texture 4 with neutrino masses ofm1
51.531025 eV, m253.031023 eV, and m354.031022

eV. This point is one of the allowed solutions shown in F
1 that satisfies the requirements for neutrino oscillations
for the requirements one1 and m̃1. For these masses th
right-handed Majorana mass isM152.93107 GeV. Assum-
ing a maximalCP-violating phase, the amount ofCP viola-
tion from the decays of the lightest Majorana neutrino ise1
522.131026. These masses are consistent with the c
straints from the solar and atmospheric neutrino experime
in Eq. ~4!. The evolution of the densities proceeds to t

e

re
9-4
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right as the temperature of the universe decreases. The fi
shows the equilibrium density of the lightest Majarona ne
trino YN1

eq along with the computed densityYN1
. Nonzero

asymmetries of lepton number from fermionsYL f
and from

scalarsYLs
develop, and change sign~hence the dip in the

figure!, and finally asymptote to a constants for values oz
5M1 /T.324. Scattering processes involving exchange
supersymmetric particles enforce thatYL f

'YLs
. Finally, for

completeness, we show the scalar neutrino asymmetry
the supersymmetric partner to the lightest Majorana neut
Y125YÑ

1
c2YÑ

1
c† . This asymmetry also changes sign befo

eventually vanishing for large values ofz. The total density
of scalar neutrinosY115YÑ

1
c1YÑ

1
c† is indistinguishable

from YN1
and is omitted from the figure.

The baryon asymmetry is related to the lepton asymm
~in the supersymmetric case! via

YB52
8

15
YL , ~17!

so the observed baryon asymmetry is generated provided
the asymptotic value~for small T) of the lepton asymmetry
is

YL f
5YLs

52~0.620.9!310210. ~18!

FIG. 2. The evolution of the fermionic and baryonic lepto
asymmetries. The asymmetriesYL f

andYLs
asymptote to a constan

value which is recycled into a baryon asymmetry that is sufficien
account for experiment ifYL f

5YLs
52(0.921.4)310210.
A
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So Fig. 2 shows a consistent solution of texture 4 that
plains the baryon asymmetry of the universe which is aris
after a fine-tuning of the neutrino masses.

V. CONCLUSION

We studied the possibility that the baryon asymmetry
the universe could result from lepton number violating d
cays of heavy Majorana neutrinos. We assumed the D
neutrino texture was given by the set of Ramond-Robe
Ross textures with five zeros~which gives rise to correc
masses and mixings of the charged fermions!. The heavy
Majorana neutrino mass matrix is obtained by inverting
type-I seesaw formula where the contributions from the
handed triplet Higgs boson are neglected, and using the
trino masses and mixings required by the solar and at
spheric neutrino oscillation experiments. The lepton asy
metry is produced due to the lepton number violating de
of the lightest right handed neutrino. Contrary to naive e
pectations, the lightest eigenvalue of the heavy Majora
neutrino mass matrix is in the range 1052107 GeV even
though the right handed gauge symmetry breaks atMX
51016 GeV. This is due to the hierarchy of the Dirac-typ
neutrino texture. We obtained the following results for t
feasibility for each texture for generating the required bary
asymmetry.~a! A generic neutrino Dirac mass matrix wit
eigenvalues in the ratio 1:l24:l28 can produce the ob
served baryon asymmetry via the baryogenesis via leptog
esis scenario in narrow ranges of light neutrino masses. T
predicts a strong correlation between the light neutr
masses, but only because the masses of the neutrinos mu
carefully tuned to achieve the required magnitude of lep
genesis. A neutrino Dirac mass matrix eigenvalues in
ratio 1:l22:l24 naturally gives a lepton asymmetry of th
required level.~b! Textures 2,4,5 generate the amount
leptogenesis expected in models with a neutrino Dirac m
hierarchy with eigenvalues in the ratio 1:l24:l28. ~c! The
position of the texture zeros in textures 1 and 3 result i
further suppression of the generated lepton asymmetry.

We carried out a detailed analysis of the generated bar
asymmetry by solving the Boltzmann equations for a sup
symmetric model numerically for texture 4. This demo
strates that the required texture can be compatible w
baryogenesis via leptogenesis for some specific values o
light neutrino masses consistent with observations in s
and atmospheric neutrino experiments.
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