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Abelian family symmetries and leptogenesis
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~Received 2 July 1999; revised manuscript received 24 February 2000; published 6 June 2000!

We study the impact of a set of horizontal symmetries on the requirements for producing the baryon
asymmetry of the universe via leptogenesis. We find that Abelian horizontal symmetries lead to a simple
description of the parameters describing leptogenesis in terms of the small expansion parameter that arises
from spontaneous symmetry breaking. If the family symmetry is made discrete, then an enhancement in the
amount of leptogenesis can result.

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

There is now strong evidence for atmospheric neutr
oscillations. The data suggest@1# that nm2nt oscillations
occur with near maximal mixing sin2 2u23'1 and a mass
splitting of Dm23

2 ;2.231023 eV2. The measured solar neu
trino flux can be explained by oscillations ofne to the other
two generations (x52,3). In the case of matter oscillation
@Mikheyev-Smirnov-Wolfenstein~MSW!# there are two so-
lutions:~1! the small mixing angle~SMA! solution for which
Dm1x

2 ;531026 eV2 and sin2 2u1x;631023, and ~2! the
large mixing angle~LMA ! solution for which Dm1x

2 ;2
31025 eV2 and sin2 2u1x;0.8. In the case of vacuum osci
lations ~VO! the mass-squared difference is much sma
Dm1x

2 ;8310211 eV2 and the mixing angle is also large
sin2 2u1x;0.8. The largeness of the mixingu23 and possibly
in u1x and the apparent hierarchy in the associated ma
presents something of a dilemma, since one would exp
that large mixing of order one occur when the eigenval
~neutrino masses! are roughly degenerate. Many mode
have been proposed to account for the neutrino oscilla
data, and it is interesting to explore whether these mod
can account in a natural way for the baryon asymmetry of
universe through the process of leptogenesis. In this pa
we explore the implications for Abelian family symmetrie
on lepton asymmetries generated in the early universe
particular we argue that a discreteZ2 component cannot only
resolve the dilemma of large mixing together with a lar
hierarchy mentioned above, but it can also lead to an
hanced baryon asymmetry.

II. THE BARYON ASYMMETRY AND LEPTOGENESIS

The lightness of the three known neutrinos can be und
stood as arising from the see-saw mechanism where ri
handed neutrinos, being standard model singlets, have a
large mass. The addition of right-handed singlet neutrino
the standard model leads to lepton number violation. T
existence of very heavy right-handed neutrinos are predi
by grand unified theories based on the gauge groupSO(10),
and the lightness of the observed neutrinos can be expla
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via a see-saw mechanism. Since the heavy right-handed
trinos offer a reasonable basis for the observed oscillati
and neutrino masses, it motivates the consideration of t
possible cosmological effects. Since these particles wo
naturally occur in the early universe, it is of interest to d
termine whether it is possible that the decays of these he
particles could be the source of the baryon asymmetry of
universe@2#.

The nonzero net baryon densitynB2nB̄ of the universe
can be accounted for in theories that satisfy Sakharov’s c
ditions @3#: ~1! baryon number is violated,~2! charge conju-
gation symmetry (C) andCP are violated, and~3! there is a
departure from thermal equilibrium. A nontrivial require
ment on any particle theory satisfying these three conditi
is that a sufficient asymmetry innB and nB̄ be produced to
explain the observed value of the ratio of net baryon den
to the entropy densitys of the universe

YB5
nB2nB̄

s
5~0.621!310210. ~1!

The standard model in the early universe satisfies all th
conditions, but it is generally agreed that the produced as
metry is too small@4#. Therefore one is motivated to loo
beyond the Standard Model for theories that contain n
sources of baryon number violation andCP violation and/or
for theories that have a new mechanism for producing
asymmetry. If one instead considers the minimal supers
metric standard model~MSSM! then the regions of param
eter space where sufficient baryon asymmetry is produce
quite small@5#. Consequently various proposals have be
made for new physics capable of producing the bary
asymmetry of the universe. One of the most attractive
these is the possibility thatCP violating decays of heavy
neutrinos can produce an excess of leptons over antilep
~or vice versa!. The lepton asymmetry produced in the ea
universe via out-of-equilibrium decays of the right-hand
neutrinos is subsequently recycled into a baryon asymm
by sphaleron transitions~which violated both baryon numbe
and lepton number!. A straightforward analysis of chemica
potentials for equilibrating processes including the sphale
transition relates the baryon asymmetryYB to the original
lepton asymmetryYL5(nL2nL̄)/s via @6,7#
©2000 The American Physical Society07-1
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YB5aYB2L5
a

a21
YL , a5

8NF14NH

22NF113NH
, ~2!

whereNF is the number of fermion families andNH is the
number of Higgs doublets. So the final baryon asymme
present in the universe today is related to the lepton as
metryYL by an order one parameter. If one accepts the p
ence of heavy Majorana neutrinos in nature, th
CP-violation naturally occurs and the question becom
whether or not the lepton asymmetry that results is the r
order of magnitude for producing the observed baryon as
metry in Eq. ~1!. In the MSSM with heavy right-hande
neutrinos, the resulting lepton asymmetry has been show
be sufficient to explain the observed baryon asymmetry
natural way in a number of models@8–11#.

Most work in trying to understand the structure of t
fermion masses and mixings has tried to fit the low ene
data, e.g. the fermion masses and the Cabibbo-Kobaya
Maskawa~CKM! matrix as well as the neutrino data~espe-
cially the solar neutrino oscillation data and the atmosph
neutrino oscillation data!. If one accepts the notion that lep
togenesis is the source of the baryon asymmetry of the
verse, then this mechanism imposes another rather st
constraint on the details of the family symmetry~this kind of
symmetry is also called a horizontal symmetry!. For example
the lepton asymmetry produced by the decay of heavy M
jorana neutrinos is sensitive to the texture pattern of
Yukawa matrices as well as the details of the mass and m
ing hierarchies@12#. In the next section we apply the strateg
of employing an Abelian family symmetry to describe t
hierarchies and discuss the implications for leptogenesis

III. HORIZONTAL SYMMETRIES

One attempt at accounting for the fermion mass spect
makes use of broken family symmetries@13#. The most com-
mon approach is to take an AbelianU(1) as the horizonta
symmetry, but non-abelian groups and discrete groups~and
combinations of these! have been tried with varying degree
of success. Since an Abelian symmetry alone cannot ge
ate a nearly degenerate set of neutrinos@14#, we assume here
that the Dm23

2 and Dm1x
2 are indicating that the neutrin

masses are arranged in a hierarchical pattern. This hiera
cal structure of the fermion masses suggests that it migh
produced by an expansion in a small parameter, and
widely adopted strategy is to have this parameter arise f
a family symmetry spontaneously broken at a scaleLL . In
this paper we consider the possibility that the horizon
symmetry is an Abelian anomalous gauge symmetry@15,16#,
where the anomaly is cancelled by the Green-Schw
mechanism@17#. In this scenario there is fieldF that is a
singlet under the standard model gauge symmetries.
contribution of the Fayet-Iliopoulos term to the D-term ca
cels against the contribution from the vacuum expecta
value~VEV!, ^F&. The ratio of this VEV to the Planck scal
naturally provides a small parameterl5^F&/mPl . The field
F is charged under the horizontal symmetry, and with
loss of generality it charge can be taken to be21. In this
approach the hierarchy is generated by nonrenormaliz
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terms that transform as singlets under the horizontal sym
try and therefore produce contributions to the mass matr
that contain integer powers of the small parameterl. In this
scenario it is often the case that only the (3,3) entry of one
more mass matrices receives a contribution from a renorm
izable coupling to the Higgs boson. So by assigning quan
numbers for the horizontal symmetry for each stand
model field, one can generate a hierarchy in the Yuka
matrices as powers of the small parameterl.

The heavy Majorana neutrino mass matrixMN is obtained
by inverting the type-I see-saw formula

mn5mD~MN!21mD
T , ~3!

wheremD is the neutrino Dirac mass matrix.CP asymme-
tries in neutrino decays arise from the interference betw
the tree level and one-loop level decay channels. In the m
basis where the right-handed Majorana mass matrix is d
onal the asymmetry in heavy neutrinoNi decays

e i5
G~Ni→ lH 2!2G~Ni→ l cH2

c!

G~Ni→ lH 2!1G~Ni→ l cH2
c!

, ~4!

is given by@8,18#

e i5
3

16pv2
2

1

~mD
† mD! i i

(
nÞ i

Im@~mD
† mD!ni

2 #
Mi

Mn
. ~5!

The massesMi are the three eigenvalues of the heavy M
jorana mass matrix andv2 is the VEV of the Higgs giving
Dirac masses to the neutrinos and up-type quarks.M1 is the
mass of the lightest of the three heavy Majorana neutrin
and Eq.~5! is an approximate formula valid forMn@Mi .
The most common scenario that occurs is that the ligh
Majorana neutrinoN1 has a mass such thatM1!M2 ,M3,
and the lepton asymmetry produced1 comes almost entirely
from the decays ofN1. So theCP-asymmetry of most inter-
est to the discussion of lepton asymmetry generation ise1.

The other parameter of most interest is the mass par
eter

m̃15
~mD

† mD!11

M1
, ~6!

which controls the decay width of the lightest right-hand
neutrinoN1 since

GNi
5G~Ni→ lH 2!1G~Ni→ l cH2

c!5
1

8p
~mD

† mD! i i

M i

v2
2 ,

~7!

1In some cases inverted hierarchies in the Majorana mass m
can occur whereM2,M1, which can produce a larger asymmetry
e2.e1 @19#. We do not consider this possibility in this paper.
7-2
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ABELIAN FAMILY SYMMETRIES AND LEPTOGENESIS PHYSICAL REVIEW D62 013007
and m̃1 also largely controls the amount of dilution caus
by the lepton number violating scattering. The parameterm̃1
can therefore be called the dilution mass. These two c
straints bound the possible values ofm̃1 such that a sufficien
asymmetry is produced to agree with Eq.~1!. The generated
lepton asymmetry is given by

YL5
nL2nL̄

s
5k

e1

g*
, ~8!

whereg* is the number of light~effective! degrees of free-

dom in the theory (1063
4 in the standard model or 22834 in

the MSSM!, and k is a dilution factor that can be reliabl
calculated by solving the full Boltzmann equations. The
lution depends critically on the parameterm̃1 because it gov-
erns the size of the most important Yukawa coupling in
DL52 scattering processes, as shown in Ref.@8#.

A. Leptogenesis with aU„1… family symmetry

Assume now that the lepton fields have charges und
U(1) family symmetry

eR1
c eR2

c eR3
c l L1 l L2 l L3 nR1

c nR2
c nR3

c

E1 E2 E3 L1 L2 L3 N1 N2 N3.

We assume here that the quantum numbers satisfy the
archies E1>E2>E3>0, L1>L2>L3>0, and N1>N2
>N3>0 ~This last condition will guarantee that no ligh
neutrino masses are enhanced because a right-handed
trino mass is suppressed@20–22#!.

Given lepton doublet chargesLi and right-handed neu
trino chargesNi one has the following pattern for the ne
trino Dirac mass matrix:

mD;S lL11N1 lL11N2 lL11N3

lL21N1 lL21N2 lL21N3

lL31N1 lL31N2 lL31N3

D v2 , ~9!

and the following pattern for the Majorana mass matrix:

MN;S l2N1 lN11N2 lN11N3

lN11N2 l2N2 lN21N3

lN11N3 lN21N3 l2N3

D LL . ~10!

Then one obtains the following form for the light neutrin
mass matrix via the see-saw formula Eq.~3!

mn;S l2L1 lL11L2 lL11L3

lL11L2 l2L2 lL21L3

lL11L3 lL21L3 l2L3

D v2
2

LL
. ~11!
01300
n-

-

e

a

er-

eu-

Clearly if L25L3 one can obtainO(1) mixing in the 2-3
sector@23#, or if L252L3 one has a pseudo-Dirac neutrin
and maximal mixing in the 2-3 sector@24#.2

The Super-Kamiokande collaboration measurements
the atmospheric neutrino flux indicates large mixi
sin2 2u23;1 and a mass-squared differenceD m23

2 ;2
31023 eV2. The SMA solution to the solar neutrino osci
lations requiresDm1x

2 ;531026 eV2. If one assumes tha
the light neutrino masses are hierarchical, then one can id
tify mnt

2 ;231023 eV2 andmnm

2 ;531026 eV2; it is then

difficult to naturally explain the separation of masses sim
taneously with the large mixing angle. The suppression
one of the neutrino masses can always result from a fi
tuning of the parameters.

The dilution parameterm̃1 defined in Eq.~6! can be de-
scribed in terms of theU(1) quantum numbers by construc
ing the Yukawa coupling squared matrix

mD
† mD;S l2N1 lN11N2 lN11N3

lN11N2 l2N2 lN21N3

lN11N3 lN21N3 l2N 3

D l2L3v2
2 , ~12!

so that

m̃1;
l2(L31N1)v2

2

M1
;

l2(L31N1)

l2N1

v2
2

LL
;l2L3

v2
2

LL
. ~13!

WhenL25L3 then this parameter is the same order of ma
nitude as the neutrino massesmnm

andmnt
,3 and it is consis-

tent to take the parameterm̃1;(mnm
mnt

)1/2. Typically one

needs a fine-tuning to produce the hierarchymnm
!mnt

. The

CP-violating parameter is given by

e1;
3

16p
l2(L31N1). ~14!

Comparing to Eq.~13!, one sees thate1 can be simply ex-
pressed in terms of the dilution massm̃1, the massM1 of the
lightest Majorana neutrino, and the electroweak scale vevv2.
Sincem̃1 is tied to the light neutrino masses, a connecti
between these quantities is established at the orde
magnitude level.

The problem with the situation outlined is well known:
seems to predict thatmnm

is naturally of the same order a

2It is also possible that one has only an approximate equalityL2

'6L3 in which case the mixing is not truly order one, but could
sufficiently large to be phenomenologically relevant without assu
ing accidental cancellations@21#.

3We use the notationnm and nt for the eigenstates even thoug
they have large mixing.
7-3



tio

s

e
pt

ac

ly
ing
ily

an

ino
will
ino

M. S. BERGER PHYSICAL REVIEW D 62 013007
mnt
, and one would need to have an accidental cancella

to get the hierarchymnm
!mnt

. The charged lepton matrix i
given by

ml 6;S lL11E1 lL11E2 lL11E3

lL21E1 lL21E2 lL21E3

lL31E1 lL31E2 lL31E3

D v1 , ~15!

where v1 is the VEV of the other Higgs doublet. So th
relevant rotation to get to the basis where the charged le
mass is diagonal is also order one whenL25L3. Hence the
large mixing in the 2-3 sector is connected in this appro
to near degeneracy of two of the light neutrino masses.
-
r
m

o
is
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B. Leptogenesis with aZ2ÃU„1… family symmetry

Reference@20# proposed that a discrete Abelian fami
symmetry could be employed to enhance a mass or mix
angle above what would be otherwise obtained if the fam
symmetry was the usual continuousU(1) symmetry, and
this idea was pursued further in a specific model@25#. If the
family symmetry isZm, then entries in the mass matrices c
be enhanced by factors of the small parameterl to themth
power. With this approach the discreteZm symmetry can
result in the enhancement of entries in the light neutr
mass matrix. A consequence for leptogenesis is that this
also change the relationship between the light neutr
masses and the dilution parameterm̃1 by a factor oflm. For
example take the followingZ23U(1) charges for the lepton
fields:4
eR1
c eR2

c eR3
c l L1 l L2 l L3 nR1

c nR2
c nR3

c

~0,E1! ~0,E2! ~0,E3! ~0,L1! ~0,L2! ~1,L321! ~0,N1! ~0,N2! ~1,N321!
the
l

o

but
and later we will takeL25L3. Assume the symmetry break
ing is characterized by the single expansion parametel.
The formulas given above for the heavy neutrino mass
trix, MN , the neutrino Dirac mass matrix,mD , and the re-
sulting light neutrino mass matrix,mn are modified. With the
above assignments one finds that

MN;S l2N1 lN11N2 lN11N3

lN11N2 l2N2 lN21N3

lN11N3 lN21N3 l2N322
D LL , ~16!

so that

~MN!21

;S l22N1 l2N12N2 l2N12N312

l2N12N2 l22N2 l2N22N312

l2N12N312 l2N22N312 l22N312
D LL

21.

~17!

Furthermore one has

mD;S lL11N1 lL11N2 lL11N3

lL21N1 lL21N2 lL21N3

lL31N1 lL31N2 lL31N322
D v2. ~18!

Then it is straightforward to show that the light neutrin
mass matrixmn is modified so that only one component
enhanced,
a- mn;S l2L1 lL11L2 lL11L3

lL11L2 l2L2 lL21L3

lL11L3 lL21L3 l2L322
D v2

2

LL
. ~19!

Also one finds that

mD
† mD;S l2N1 lN11N2 lN11N322

lN11N2 l2N2 lN21N322

lN11N322 lN21N322 l2N324
D l2L3v2

2 .

~20!

So then using our previous definitions, one sees thatm̃1

;l2L3v2
2/LL;mnm

, whereas mnt
;l2L322v2

2/LL . More

specifically when the atmospheric neutrino constraintDm23
2

;231023 eV2 is interpreted as the mass-squared of
heaviest light neutrinomnt

, then in the case of a horizonta

U(1) symmetry, one has thatm̃1
2;231023 eV2. In the case

of the discreteZ2 symmetry, the Yukawa coupling related t
m̃1

2 via Eq. ~6! can be reduced by a factorl2 thereby sub-
stantially reducing the amount of dilution from theDL52
processes and reducing the decay rate ofN1. More generally,
a Zm symmetry can arrange for a suppression ofm̃1

2 by a
factorlm. TheCP-violation asymmetrye1 is easily obtained
from Eqs.~5! and ~20!,

4The second group factor does not need to be continuous,
could be replaced by a secondZn with n sufficiently large.
7-4
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e1;
3

16p
l2(L31N1)22. ~21!

So the ratio ofmnt
to e1 is unaffected by the discrete sym

metry. Sincemnt
is being fixed by the experimental data f

Dm23
2 , the expected value ofe1 is expected to be unchange

for the same quantum numberN1 ~and thus the same heav
neutrino massM1).

A phenomenologically viable solution has been presen
in Ref. @20#: taking L153, L25L351, E155, E254, and
E352 yields mass matrices of the form

mn;S l6 l4 l4

l4 l2 l2

l4 l2 1
D v2

2

LL
, ml 6;S l8 l7 l5

l6 l5 l3

l6 l5 l3
D v1,

~22!

which give the correct order of magnitude for the SMA s
lution ~after rotating to the charged lepton mass basis!

Dm1x
2

Dm23
2

;l4, sinu12;l2, sinu23;1, sinu13;l2,

~23!

when the small parameter is identified as the Cabibbo an
i.e. l;0.2.

For a sufficient amount of leptogenesis to occur two c
ditions must be satisfied:~1! ue1u*1026 and ~2! 1025&m̃1
&1022. The first condition guarantees that there is suffici
CP-violation in the heavyN1 neutrino decay@cf Eq. ~8!#,
while the second condition guarantees that the dilution is

FIG. 1. The neutrino densityYN1
as a function of the tempera

ture T of the universe for the case of a horizontalU(1) symmetry
~solid!, and for theZ23U(1) symmetry~dashed!. The dotted curve
is the equilibrium valueYN1

eq of the neutrino density. The discret
symmetry results in a smaller decay rate forN1 and it requires a
longer time before it comes into thermal equilibrium.
01300
d

-

le,

-

t

ot

too large (k*1022) and that a sufficient number of heav
neutrinos are produced out-of-equilibrium@9#. The condition
on m̃1 is equivalent to a condition on the relevant Yukaw
coupling (hn

†hn)115mD
† mD /v2

2 that governs the rates of thes
two processes.

The massm̃1 arising in the case of theU(1) symmetry is
identified withmnt

, and thus is near the top of the require
range. The resulting lepton asymmetry is smaller than
would be if the dilution massm̃1 could be reduced. Lowering
the mass parameterm̃1 by using the horizontalZ23U(1)
rather than theU(1) symmetry has the following effects o
the Boltzmann evolution:~1! The lightest Majorana neutrino
N1 decays more slowly, and stays out of thermal equilibriu
for a longer period of time.~2! The dilution of the generated
lepton asymmetry is reduced since the relevant Yukawa c
pling controlling the strength of the interactions is reduce
These two factors can result in a remnant lepton asymm
that is enhanced over that which is obtained in the case of
U(1) symmetry.

IV. NUMERICAL SIMULATION

The lepton asymmetry that results can be obtained by
tegrating the full set of Boltzmann equations@26#. These
differential equations, incorporating the Majorana neutri
decay rates as well as all lepton number violating scatte
processes in the MSSM, has been given in Ref.@9#. The
above discussion gives an overall order of magnitude e
mate for theCP-violation parametere1 and the dilution pa-
rameterm̃1. The parametere1 depends on aCP-phase@see

FIG. 2. The lepton asymmetry in fermionsYL f
and in scalars

YLs
produced for a horizontalU(1) symmetry~solid!, and for the

Z23U(1) symmetry~dashed!. The generated asymmetry in the la
ter case is smaller at earlier times~larger temperatures! since the
decay rate of the lightest Majorana neutrinoN1 is suppressed, bu
ultimately a larger asymmetry is produced as the neutrino den
remains out of thermal equilibrium for a longer period. The equa

YL f
5YLs

is maintained by MSSM processesf 1 f↔ f̃ 1 f̃ , e.g. neu-
tralino exchange.
7-5
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Eq. ~5!#; this phase is not specified by the family symme
and we assume that it is order one.

A concrete example of how the discrete symmetry c
change the produced lepton asymmetry is shown in Fig
and 2. First consider the case where the family symmetr
U(1): the values of the parameters are (mD

† mD)11

50.2 GeV2 and e1524.031026 for the case of the con
tinuous U(1) symmetry. The values for theCP-violation
parametere1 in Eq. ~14! and (mD

† mD)11;l2(L31N1)v2
2 are

consistent5 with taking L350 andN153. Taking the scale
LL to be near a supersymmetric grand unified scale;3
31015 GeV, one finds the mass of the lightest heavy n
trino N1 that is decaying asymmetrically to beM152
31011 GeV. This then yields a dilution mass ofm̃155
31023 eV, which is the same order of magnitude as t
mass splittingDm23

2 ;2.231023 eV2 as expected from Eqs
~11! and ~13!.

When theU(1) symmetry is replaced withZ2 the dilution
mass is suppressed by an additional factor ofl2 so thatm̃1
52.231024 eV @for the case of theZ23U(1) symmetry,
we takeL351 and keepN153 so thatmnt

and e1 remain

the same, butm̃1 is reduced by a factorl2 relative to the
U(1) symmetry case#. Figure 1 shows the neutrino densi
YN1

of the lightest Majorana neutrino that is decaying
produce the lepton asymmetry shown in Fig. 2. The dens
are plotted against the dimensionless ratioz5M1 /T whereT
is the temperature of the universe, so the universe evo
toward the present day asz becomes larger. For the quant
tative results shown in the figures, the unknownCP phase
@see Eq.~5!# is chosen so as to maximize the lepton asy
metry; another phase would just scale the curves in Fig. 2
some overall factor. TheZ2 symmetry results inN1 decaying
more slowly, and thusN1 can remain out-of-equilibrium for
a greater period of time in the early universe. The lep
asymmetry produced in each case begins with one sign,
goes through zero, and finally asymptotes to a final va
For the particular example shown in Figs. 1 and 2, the lep
asymmetry is enhanced by about a factor between seven
eight when the continuous family symmetry is replaced b

5These relationships involvinge1 and (mD
† mD)11 only determine

the leading order contribution in the small parameterl and there is
an undetermined coefficient of order one. We choose the value
the parameters here as an example to illustrate that an enhance
occurs. The exact values the unknown order one coefficients
are not important; the enhancement of the lepton asymmetry is
neric.
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discrete one. The enhancement~or suppression! that can re-

sult in general~from suppressingm̃1) is a sensitive function

of the values of dilution parameterm̃1 and the massM1, as
shown in Ref.@9#.

V. CONCLUSION

The predominance of matter over antimatter in the u
verse can be producedCP-violation in the decays of heavy
neutrinos followed by sphaleron processes that recycle
resulting lepton asymmetry into a baryon asymmetry. W
have shown that if the fermion mass matrices are determ
by imposing an Abelian family symmetry then there a
simple order-of-magnitude estimates of theCP-violation pa-

rametere1 and the dilution massm̃1 that are critically im-
portant for determining the size of the lepton asymme
produced in the early universe. In the most straightforw
case these parameters are given by universal formula
terms of the U(1) quantum numbers (e1

;(3/16p)l2(N11L3) and m̃1;l2L3v2
2/LL), and m̃1 can be

simply related to the experimentally determined light ne
trino masses.

A Z2 horizontal symmetry can be employed to reconc
~a! the large mixing that must be present to explain the
mospheric neutrino data with~b! a hierarchy in neutrino
masses. We have shown here that employing this sameZ2
horizontal symmetry can enhance the lepton asymmetry
results from heavy right-handed neutrino decays. This res
in an enhanced baryon asymmetry in the universe. T
change in the generated lepton asymmetry comes abou
cause when a Yukawa coupling (hn

†hn)11 can be suppresse
or enhanced compared to the usual expectation when
horizontal symmetry isU(1). This affects the decay rate o
the lightest Majorana neutrinoN1, as well as the amount o
subsequent dilution of the asymmetry by lepton number v
lating scattering. A particular example where the genera
asymmetry was explicitly calculated using the supersymm
ric Boltzmann equations was given, and an enhancemen
the lepton asymmetry~and hence ultimately the baryo
asymmetry! by a factor seven was derived quantitatively.
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