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Leptogenesis and neutrino parameters
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We calculate the baryonic asymmetry of the universe in the baryogenesis-via-leptogenesis framework,
assuming first a quark-lepton symmetry and then a charged-neutral lepton symmetry. We match the results
with the experimentally favored range. In the first case all the oscillation solutions to the solar neutrino
problem, except the large mixing matter solution, can lead to the allowed range, but with fine-tuning of the
parameters. In the second case the general result is quite similar. Some related theoretical hints are discussed.
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I. INTRODUCTION

Strong indications for nonzero neutrino mass and mix
come from solar and atmospheric neutrino experiments
fact, if interpreted in terms of neutrino oscillations, such e
periments, together with the tritium beta decay end po
imply small neutrino masses@1#.

In the minimal standard model~MSM! the neutrino is
massless because there are no right-handed neutrino sin
and there is no Higgs scalar triplet. The simplest way to
a mass for the neutrino field is by adding the right-hand
statenR , the analogue of the quark stateuR in the leptonic
sector, in which case it becomes possible to build bot

Dirac mass termmnn̄LnR and a Majorana mass term
(1/2)mRn̄L

cnR for the right-handed neutrino. The Dirac ma
mn is expected to be of the same order of magnitude of
quark or charged lepton masses, while the Majorana m
mR is not constrained. A popular mechanism to obtain a v
small neutrino mass is the seesaw mechanism@2#, where the
right-handed neutrino mass is very large and as a co
quence a very light left-handed Majorana neutrino appe
with a massmL.mn

2/mR .
The MSM plus the right-handed neutrino~which we

would like to call SM! is also a minimal scenario to produc
a baryonic asymmetry in the universe, according to
Fukugita-Yanagida baryogenesis-via-leptogenesis me
nism @3,4#. In this framework the out-of-equilibrium decay
of right-handed neutrinos generate a leptonic asymm
which is partially transformed into a baryonic asymmetry
electroweak sphaleron processes@5#.

The baryonic asymmetry depends on both the Dirac
the right-handed Majorana neutrino mass matrices. Th
fore, assuming a quark-lepton symmetry or a charged-neu
lepton symmetry, we should be able to determine the va
of the baryonic asymmetry, and to match it with the expe
mental bounds coming from nucleosynthesis in the stand
big bang theory. This is the main subject of the present
per, already discussed by several authors@6–9#. However,
our approach is quite different, more general and direct.
scan over the neutrino parameter space, using several f
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for the Dirac mass matrices, and taking into account
vacuum and matter solutions to the solar neutrino proble
A graphical representation of the results is given, from wh
one can eventually infer approximate bounds on neutr
parameters. Both the nonsupersymmetric~SM! and the su-
persymmetric~SSM! cases are considered.

Section II is about neutrino oscillation data, from whic
one may obtain light neutrino masses and mixings. Sec
III deals with the quark-lepton symmetry, which allows on
to get the Dirac and heavy neutrino mass matrices. In S
IV, after a short collection of the relevant formulas of th
baryogenesis-via-leptogenesis mechanism, the calculatio
the baryonic asymmetry is carried out, based on the con
of Secs. II and III. In Sec. V the same calculation is do
assuming a charged-neutral lepton symmetry. Finally, in S
VI, we give our conclusions and a brief discussion.

II. NEUTRINO PARAMETERS

From the phenomenological point of view the baryon
asymmetry also depends on which solution for solar neu
nos is taken into account. Therefore, in this section we su
marize the neutrino oscillation data that we will use in o
analysis. For atmospheric neutrinos the best fit is@10#

Dma
253.531023 eV2

sin22ua51.0,

that is maximal mixing. For solar neutrinos we have thr
matter @Mikheyev-Smirnov-Wolfenstein~MSW!# solutions
@11#: the small mixing angle~SMA!

Dms
255.431026 eV2

sin22us50.006,

the large mixing angle~LMA !

Dms
251.831025 eV2

sin22us50.76,

and the low-Dm2 ~LOW! solution

Dms
257.931028 eV2
©2001 The American Physical Society07-1
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sin22us50.96.

Moreover, we also have the vacuum oscillation~VO! solu-
tion @11#

Dms
258.0310211 eV2

sin22us50.75.

The latest day-night and spectral data favor the LMA a
LOW solutions, but do not exclude the others@12#. Further
information on neutrino oscillations comes from the CHOO
experiment @13# which gives sinuc&0.16 for Dmc

2.1
31023 eV2.

Therefore, neutrinos do have masses and mixings, a
unitary matrix Ua i (a5e,m,t; i 51,2,3) relates the mas
eigenstatesn i to the weak eigenstatesna :

naL5(
i

Ua in iL .

It is clear thatDms
2!Dma

2 . According to Ref.@14# we as-
sume

Dms
25m2

22m1
2 , Dma

25m3
22m1

2

where the numbering corresponds to the family index. Mo
over, we work with the hierarchical spectrum of light neut
nos,m1!m2!m3. Then,m3

2.Dma
2 , m2

2.Dms
2 , and form1

we take 1024m2,m1,1021m2.
The mixing matrixU @the Maki-Nakagawa-Sakata~MNS!

matrix @15## can be written as the standard parametrization
the CKM matrix ~including one phased8) times a diagonal
phase matrixD5diag(eiw1,eiw2,1) @16,17#. Hence, it de-
pends on three angles and three phases. From neutrino o
lation data we can determine the three angles@14,16#. For
uUe3u, related to the result of the CHOOZ experiment, w
use the bound

uUe3u<0.2,

while Ue2 andUm3 are obtained from the best fits of atm
spheric and solar neutrinos. Then we are left with five f
neutrino parameters:uUe3u, d5arg(Ue3), m1 , w1 , w2.
Choosing values for the free parameters leads to a comp
determination of light masses and the mixing matrixU.
These will be used in the following section, together with t
quark-lepton symmetry, to obtain the heavy neutrino m
matrix.

III. SEESAW MECHANISM WITH QUARK-LEPTON
SYMMETRY

The Lagrangian for the relevant lepton sector is~for sim-
plicity we do not write the 1/2 factor in the Majorana term!

L5ēLMeeR1 n̄LM nnR1gn̄LeLW1 n̄L
cMRnR ~1!
07300
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whereMe is the mass matrix of charged leptons,M n is the
mass matrix of Dirac neutrinos, andMR the mass matrix of
right-handed Majorana neutrinos. The effective Lagrang
of the seesaw mechanism is

Lss5ēLMeeR1 n̄LMLnR
c 1gn̄LeLW1 n̄L

cMRnR ~2!

with the light neutrino mass matrixML given by

ML52M nMR
21M n

T . ~3!

Setting

ULMLUL
T5DL , UeLMeUeR

† 5De , ~4!

where DL , De are diagonal matrices, we obtain the MN
matrix as

U5ULUeL
† . ~5!

Inverting Eq.~3! we get the heavy neutrino mass matrix

MR52M n
TML

21M n . ~6!

Now, assuming a quark-lepton symmetry, we take the pai
Hermitian matrices

M n5
mt

mb
S 0 0 Amumt

0 mc 0

Amumt 0 mt

D , ~7!

Me5
mt

mb
S 0 Amdmse

ia 0

Amdmse
2 ia 23ms Amdmb

0 Amdmb mb

D , ~8!

with one phasea5p/2 in Me12. These lepton mass matrice
are obtained in the following way. We take the five textu
zero model for the quark mass matricesMu and Md from
Ref. @18#, which studies the phenomenologically viable te
tures. The quark mass matrices are related to the lepton m
matrices by an approximate running factormb /mt from the
high scale where the quark-lepton symmetry should h
@19#, and in addiction a factor23 is included inMe22 in
order to have a good relation between charged lepton
down quark masses@20#. For five texture zeros the matrice
Mu , Md lead to the simple meaningful relations

Vus.Amd

ms
, Vcb.Amd

mb
, Vub.Amu

mt
. ~9!

In this way, by means of Eqs.~4!–~8!, we can calculateMR
and then its eigenvaluesM1 ,M2 ,M3 @21#. The quark-lepton
symmetry is usually obtained within unified theories such
SU(5) and mostlySO(10), where quarks and leptons belon
to the same multiplets. In particular, the factor23 in Me22 is
due to suitable Yukawa couplings of these multiplets w
the45 @in SU(5)] or 126@in SO(10)] Higgs representations
However, here we can also regard the quark-lepton sym
try as a phenomenological feature.
7-2
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IV. THE BARYONIC ASYMMETRY

A baryonic asymmetry can be generated from a lepto
asymmetry @3#. In order to study this baryogenesis-vi
leptogenesis mechanism we diagonalizeMe :

L85ēLDeeR1 n̄LM n8nR1gn̄LeLW1 n̄L
cMRnR ,

where

M n85UeLM n , ~10!

and alsoMR by means ofURMRUR
T5DR :

L95ēLDeeR1 n̄LM n9nR1gn̄LeLW1 n̄L
cDRnR

where

M n95M n8UR
T[MD . ~11!

Because of the electroweak sphaleron effect, the bary
asymmetryYB is related to the leptonic asymmetryYL by
@22#

YB5aYB2L5
a

a21
YL ~12!

with

FIG. 1. The baryonic asymmetryYB vs uUe3u andd for SMA,
quark-lepton symmetry, five texture zeros.
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8Nf14NH

22Nf113NH
,

whereNf is the number of families~three! andNH the num-
ber of Higgs doublets~one in the SM and two in the SSM
a.1/3 in both cases!. Remember that

YB5
nB2nB̄

7.04ng

wherenB,B̄,g are number densities. The leptonic asymme
can be written as@4#

YL5d
e1

g*
~13!

where, in the SM, theCP-violating asymmetrye1 is given
by @23,24#

e15
1

8pv2~MD
† MD!11

(
j 52,3

Im @~MD
† MD! j 1#2f S M j

2

M1
2D ,

~14!

with

f ~x!5AxF12~11x!ln
11x

x
2

1

x21G ,

FIG. 2. The baryonic asymmetryYB vs uUe3u andd for LMA,
quark-lepton symmetry, five texture zeros.
7-3
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g* (SM)5106.75;v is the vacuum expectation value~VEV!
of the SM Higgs doublet. In the SSM,v→v sinb, f (x)
→g(x), g* (SSM)5228.75,

g~x!52AxF ln
11x

x
1

2

x21G ,
and a factor 4 is included ine1 @23#, due to more decay
channels. For a hierarchical spectrum of heavy neutrinof
.23M1/2M j , g.23M1 /M j.2 f , with a very good accu-
racy. Equation~14! arises from the interference between t
tree level and one loop decay amplitudes of the light
heavy neutrino, and includes vertex and self-energy cor
tions. The latter may be dominant ifM1 and M j are nearly
equal, so that an enhancement of the asymmetry may oc

A good approximation ford, the dilution factor, is in-
ferred from Refs.@25–27#:

d5~0.1 k!1/2exp@2~4/3!~0.1 k!1/4# ~15!

for k*106,

d50.24/k~ ln k!3/5 ~16!

for 10&k&106, and

d51/2k, d51 ~17!

FIG. 3. The baryonic asymmetryYB vs uUe3u and d for VO,
quark-lepton symmetry, five texture zeros.
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for 1&k&10, 0&k&1, respectively, where the parameterk
is

k5
M P

1.7v232pAg*

~MD
† MD!11

M1
, ~18!

andM P is the Planck mass. In the SSM the critical value 16

for k is lowered, but in our calculationk remains always
much smaller. The presence of the dilution factor in Eq.~13!
takes into account the washout effect produced by inve
decay and lepton number violating scattering.

We make a random extraction of the free neutrino para
eters for a total of 8000 points and we plotYB versus such
parameters. As expected, about 4000 points give a nega
YB . Only uUe3u andd show a major effect and the results fo
the five texture zero model are presented in Figs. 1–4,
cording to the four different solar neutrino solutions. Chan
ing the other parameters, in particularUe2 andm2, within the
allowed experimental limits, does not affect the general
sult. Since the favored range for the baryonic asymmetr
@28#

YB5~1.728.9!310211,

one can look at the region ofYB between 10211 and 10210.
The SMA, VO and LOW solutions can produce the requir
amount of baryonic asymmetry, but with fine-tuning of th
parameters. Notice that we plot Log10YB , which is negative.

FIG. 4. The baryonic asymmetryYB vs uUe3u andd for LOW,
quark-lepton symmetry, five texture zeros.
7-4
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However, the trend is clear. For example, we find the ph
d tuned aroundp2a, which corresponds tod85a, sinue3
,0. Moreover, according to Ref.@9#, we find an enhance
ment of the asymmetry foruUe3u.VD12Um3, where VD

5UnLUeL
† is the mixing matrix in the Dirac sector~the ana-

logue of VCKM5VuVd
†). SinceVD12.(1/3)Amd /ms.0.07,

we get the maximum ofYB arounduUe3u.0.0730.7.0.05.
In a similar way one can explain why the SMA solutio
shows an enhancement, contrary to the LMA solution.
fact, the further condition isUe2.VD12Um2, which is com-
patible with the SMA but not with the LMA. The two con
ditions correspond to the decoupling ofM1 from m3 andm2,
respectively. Note that in Ref.@9# VD12.0.21 because ther
the factor23 in our Me22 is absent. In this case one has
different enhancement value forUe2 , uUe3u, so that the SMA
is also excluded. The presence of the factor23 allows the
SMA to be reliable for leptogenesis, for the matrix textu
~7!,~8!.

In the supersymmetric case the calculated baryonic as
metry is increased by a factor of nearly 6. In fact, going fro
the SM to the SSM, there is a factor 4 due toe1, a factor
1/A2 due tog* ~for d;1/k) and a factor 2 due tog(x): 4
3(1/A2)32.6. Hence, in the present context, the SS
works better for leptogenesis, with respect to the SM.

To test the dependence ofYB on matrix texture, let us
consider a second pair of Hermitian matrices@18#, with four
texture zeros, which is formed by the same matrixMe as in

FIG. 5. The baryonic asymmetryYB vs uUe3u for SMA and
LOW, quark-lepton symmetry, four texture zeros.
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Eq. ~8!, but with a further phasep/2 in Me23, and

M n5
mt

mb
S 0 Amumc 0

Amumc mc Amumt

0 Amumt mt

D . ~19!

Note that this form forM n has entries 1-2 and 2-3 filled in
with respect to matrix~7!, while M n1350. Useful results are
in Figs. 5, 6, for the SMA, LOW and VO solutions, while th
LMA gives too small asymmetry as in the foregoing cas
For SMA, LOW to work one hasuUe3u.0.01, and for VO
alsod.p/2.

V. THE CASE OF A CHARGED-NEUTRAL LEPTON
SYMMETRY

If there is a charged-neutral lepton symmetry, the Dir
neutrino mass matrix is related to the charged lepton m
matrix rather than to the up quark mass matrix:M n;Me ,
with

Me5S 0 Amemm 0

Amemm mm Amemt

0 Amemt mt

D , ~20!

for example~four texture zeros!. This form for Me is ob-
tained by analogy toMd in Ref. @18#. There are some theo

FIG. 6. The baryonic asymmetryYB vs uUe3u and d for VO,
quark-lepton symmetry, four texture zeros.
7-5
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D. FALCONE AND F. TRAMONTANO PHYSICAL REVIEW D63 073007
retical ~left-right! models@29# with a charged-neutral lepto
symmetry, along with an up-down symmetry. Howev
again, we can also assume it as a phenomenological hyp
esis. The position of phases is somewhat arbitrary. We
phasesp/2 in Me12, Me23 in order to have a mixing in the
Dirac sector similar to the previous case. The value of
baryonic asymmetryYB is quite analogous to the case of
quark-lepton symmetry, see Figs. 7, 8. However, the ma
mum level of asymmetry is now reached foruUe3u.0.

Also for this case, we have checked the dependence
matrix texture by using the Hermitian matrices formed by
texture zeros

M n;Me;S 0 0 Amemt

0 mm 0

Amemt 0 mt

D ,

with a single phasep/2 in Me13, but we have found no
relevant difference with the asymmetry generated by ma
~20!.

VI. CONCLUSION AND DISCUSSION

The baryonic asymmetryYB has been calculated using
random extraction for five of the nine neutrino paramet
~three light masses; three angles and three phases in the
ing matrix! and assuming quark-lepton symmetry

FIG. 7. The baryonic asymmetryYB vs uUe3u for SMA and
LMA, charged-neutral lepton symmetry, four texture zeros.
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charged-neutral lepton symmetry for the Dirac mass ma
ces. Other parameters have been checked. As a resul
quark-lepton symmetry, we find that the SMA, VO, an
LOW solutions for solar neutrinos are able to gener
enough asymmetry, especially in the supersymmetric c
but with fine tuning and selected values of the parame
uUe3u and d. For charged-neutral lepton symmetry the ge
eral results are similar.

Let us discuss some related theoretical issues. Uni
theories such asSO(10), or left-right models such a
SU(3)c3SU(2)L3SU(2)R3U(1)B2L , naturally contain
heavy Majorana neutrinos, generated at the unification
left-right scale@30#, but also contain other particles, for ex
ample additional gauge bosons. Usually these particles
much heavier than the lightest heavy Majorana neutrino
that they are sufficiently decoupled from the leptogene
process, as confirmed in Ref.@31#. In this way, the idea of
baryogenesis through leptogenesis may be attractive
within unified or left-right models. The VO solution with
quark-lepton symmetry gives the scale ofMR around the
Planck mass, while the SMA and LMA solutions give th
scale ofMR near the unification scale (1016 GeV! @21#. Also
the LOW solution may be consistent with the unificatio
scale. Thus, it is hard to reconcile the VO solution w
quark-lepton symmetry, in the context of unified theorie
whereas for the SMA and perhaps the LOW solutions this
possible. We point out that if the LMA is the right solution t
the solar neutrino problem, then the framework used in t

FIG. 8. The baryonic asymmetryYB vs uUe3u for VO and LOW,
charged-neutral lepton symmetry, four texture zeros.
7-6
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paper does not work for leptogenesis. If the VO solution
right, then a good amount of leptogenesis can be obtai
but with fine tuning and outside normal unified models. T
SMA and LOW solutions may be consistent with both u
fied theories and leptogenesis bounds, for selected value
the complex parameterUe3.

In the case of charged-neutral lepton symmetry the
solution givesMR around the unification scale, while th
SMA and LMA solutions giveMR near the intermediate
~left-right! scale (1012 GeV! @21#. The LOW solution lies
between the two. Hence, the VO solution may be consis
with both the unification scale and leptogenesis, and
SMA with both the intermediate scale and leptogene
th

s.

s.

D

y

l.
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Since the quark-lepton symmetry is natural in unified mo
els, while the charged-neutral~up-down! symmetry is natural
in left-right models, in the present context the preferred
lution for solar neutrinos could be the SMA. However, ne
trino data slightly favor the LMA solution@32#. A possible
alternative for the baryogenesis-via-leptogenesis mechan
to work more extensively is by means of horizontal symm
tries @33#.
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