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Leptogenesis and neutrino oscillations within a predictive G„224…ÕSO„10… framework
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A framework based on an effective symmetry that is either G(224)5SU(2)L3SU(2)R3SU(4)c or SO~10!
has been proposed~a few years ago! that successfully describes the masses and mixings of all fermions
including neutrinos, with seven predictions, in good accord with the data. Baryogenesis via leptogenesis is
considered within this framework by allowing for natural phases (;1/20–1/2) in the entries of the Dirac and
Majorana mass matrices. It is shown that the framework leads quite naturally, for both thermal as well as
nonthermal leptogenesis, to the desired magnitude for the baryon asymmetry. This result is obtained in full
accord with the observed features of the atmospheric and solar neutrino oscillations, as well as with those of
the quark and charged lepton masses and mixings, and the gravitino constraint. Hereby one obtains aunified
descriptionof fermion masses, neutrino oscillations and baryogenesis~via leptogenesis! within a single pre-
dictive framework.
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I. INTRODUCTION

The observed matter-antimatter asymmetry of the U
verse@1,2# is an important clue to physics at truly short di
tances. A natural understanding of its magnitude~not to men-
tion its sign! is thus a worthy challenge. Since the discove
of the electroweak sphaleron effect@3#, baryogenesis via lep
togenesis@4,5# appears to be the most attractive and prom
ing mechanism to generate such an asymmetry@6#. In the
context of a unified theory of quarks and leptons, leptog
esis involving decays of heavy right-handed~RH! neutrinos,
is naturally linked to the masses of quarks and leptons, n
trino oscillations and, of course,CP violation.

In this regard, the route to higher unification based on
effective four-dimensional gauge symmetry of eith
G(224)5SU(2)L3SU(2)R3SU(4)C @7#, or SO~10! @8#
@that may emerge from a string theory near the string sc
and breaks spontaneously to the standard model symm
near the grand unified theory~GUT! scale@9## offers some
distinct advantages, which are directly relevant to und
standing neutrino masses and implementing leptogen
These in particular include~a! the existence of the RH neu
trinos as a compelling feature,~b! B2L as a local symmetry
and ~c! quark-lepton unification through SU~4! color. These
three features, first introduced in Ref.@7# in the context of
the symmetry G~224!, are of course available within an
symmetry that contains G~224! as a subgroup; thus, they a
available within SO~10! and E6 @10#, though not in SU~5!
@11#. Effective symmetries such as flipped SU(5)3U(1)
@12# or @SU(3)#3 @13#, or SU(2)L3SU(2)R3U(1)B-L
3SU(3)C @14# possess the first two features~a! and~b!, but
not ~c!. Now, thecombinationof the four ingredients—that is
~i! the existence of the RH neutrino as an integral membe
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each family, ~ii ! the supersymmetric unification scaleMX

;231016 GeV @15# ~which provides the Majorana mass o
the RH neutrinos!, ~iii ! the symmetry SU~4! color ~which
provides the Dirac mass of the tau neutrino in terms of
top quark mass!, and ~iv! the seesaw mechanism@16#—
yields even quantitatively@17# just about the right value o
Dm2(n2–n3), as observed at SuperKamiokande@18#.

Furthermore, these three features~a!–~c! noted above also
provide just the needed ingredients—that is superheavynR’s
and spontaneous violation ofB2L at high temperatures—fo
implementing baryogenesis via leptogenesis.

Now, in a theory with RH neutrinos having heavy Majo
rana masses, the magnitude of the lepton-asymmetr
known to depend crucially on both the Dirac as well as M
jorana mass matrices of the neutrinos@19#. In this regard, a
predictive G~224!/SO~10! framework, describing the masse
and mixings of all fermions, including neutrinos, has be
proposed@20# that appears to be remarkably successful.
particular it makes seven predictions includingmb(mb)
'4.7–4.9 GeV, m(n3);(1/20) eV(1/2–2), Vcb'0.044,
sin22unmnt

osc '0.9–0.99, Vus'0.20, Vub'0.003 and md

'8 MeV, all in good accord with observations, to with
10% ~see Sec. II!. It has been noted recently@21# that the
large mixing angle~LMA ! Mikheyev-Smirnov-Wolfenstein
~MSW! solution, which is preferred by experiments@22#, can
arise quite plausibly within the same framework throu
SO~10!-invariant higher dimensional operators which c
contribute directly to the Majorana masses of the left-han
neutrinos~especially to thenL

enL
m mixing mass! without in-

volving the familiar seesaw.
As an additional point, it has been noted by Babu a

myself @23# that the framework proposed in Ref.@20# can
naturally accommodateCP violation by introducing complex
phases in the entries of the fermion mass matrices, wh
preserve the pattern of the mass matrices suggested in
@20# as well as its successes.
©2003 The American Physical Society02-1
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The purpose of the present paper is to estimate the le
and thereby the baryon excess that would typically be
pected within this realistic G~224!/SO~10!-framework for
fermion masses and mixings@20,23#, by allowing for natural
CP violating phases (;1/20 to 1/2, say! in the entries of the
mass matrices as in Ref.@23#. The goal would thus be to
obtain aunified descriptionof ~a! fermion masses,~b! neu-
trino oscillations, and~c! leptogenesis within a single predic
tive framework@24#.

It should be noted that there have in fact been sev
attempts in the literature@25# at estimating the lepton an
baryon asymmetries, many of which have actually been
ried out in the context of SO~10! @26#, though~to my knowl-
edge! without an accompanying realistic framework for th
masses and mixing of quarks, charged leptons as we
neutrinos@27#. Also the results in these attempts as rega
leptogenesis have not been uniformly encouraging@28#.

The purpose of this paper is to note that the G~224!/
SO~10! framework, proposed in Refs.@20# and @23#, leads
quite naturally, for both thermal as well as nonthermal le
togenesis, to the desired magnitude for baryon asymm
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This result is obtained in full accord with the observed fe
tures of atmospheric and solar neutrino oscillations, as w
as with those of quark and charged lepton masses and
ings, and the gravitino-constraint. To present the analys
would be useful to recall the salient features of these p
works @20,23# on fermion masses and mixings. This is wh
is done in the next section.

II. FERMION MASSES AND NEUTRINO OSCILLATIONS
IN G „224…ÕSO„10…: A BRIEF REVIEW

OF PRIOR WORK

The 333 Dirac mass matrices for the four secto
(u,d,l ,n) proposed in Ref.@20# were motivated in part by
the notion that flavor symmetries@29# are responsible for the
hierarchy among the elements of these matrices~i.e., for
‘‘33’’ @‘‘23’’ @‘‘22’’ @‘‘12’’ @‘‘11’’, etc. !, and in part by the
group theory of SO~10!/G~224!, relevant to a minimal Higgs
system~see below!. Up to minor variants@30#, they are as
follows:
d
rk-

obtained,
Mu5F 0 e8 0

2e8 z22
u s1e

0 s2e 1
GM u

0 ; Md5F 0 h81e8 0

h82e8 z22
d h1e

0 h2e 1
GM d

0

~1!

M n
D5F 0 23e8 0

23e8 z22
u s23e

0 s13e 1
GM u

0 ; Ml5F 0 h823e8 0

h813e8 z22
d h23e

0 h13e 1
GM d

0 .

These matrices are defined in the gauge basis and are multiplied byC̄L on left andCR on right. For instance, the row an
column indices ofMu are given by (ūL ,c̄L , t̄ L) and (uR ,cR ,tR) respectively. Note the group-theoretic up-down and qua
lepton correlations: the sames occurs inMu andM n

D , and the sameh occurs inMd andMl . It will become clear that thee
ande8 entries are proportional toB2L and are antisymmetric in the family space~as shown above!. Thus, the samee ande8
occur in both (Mu and Md) and also in (M n

D and Ml), but e→23e and e8→23e8 as q→ l . Such correlations result in
enormous reduction of parameters and thus in increased predictivity. Such a pattern for the mass matrices can be
using a minimal Higgs system45H , 16H , 16H and10H and a singlet S of SO~10!, through effective couplings as follows@31#:

LYuk5h3316316310H1@h2316216310H~S/M !1a2316216310H~45H /M 8!~S/M !p1g2316216316H
d ~16H /M 9!~S/M !q#

1@h2216216210H~S/M !21g2216216216H
d ~16H /M 9!~S/M !q11#1@g1216116216H

d ~16H /M 9!~S/M !q12

1a1216116210H~45H /M 8!~S/M !p12#. ~2!
2-2
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Typically we expectM 8, M 9 and M to be of orderM string

@32#. The VEV’s of ^45H& ~along B2L), ^16H&5^16H&
~along standard model singlet sneutrino-like component! and
of the SO~10!-singlet^S& are of the GUT scale, while thos
of 10H and of the down type SU(2)L-doublet component in
16H ~denoted by16H

d ) are of the electroweak scale@20,33#.
Depending upon whetherM 8(M 9);MGUT or M string ~see
@32#!, the exponentp(q) is either one or zero@34#.

The entries 1 ands arise respectively fromh33 and h23

couplings, whileĥ[h2s and h8 arise respectively from
g23 andg12-couplings. The (B2L)-dependent antisymmetri
entriese ande8 arise respectively from thea23 anda12 cou-
plings. @Effectively, with ^45H&} B2L, the product
10H345H contributes as a120, whose coupling is family-
antisymmetric.# The small entry z22

u arises from the
h22-coupling, whilez22

d arises from the joint contributions o
h22 and g22-couplings. As discussed in@20#, using some of
the observed masses as inputs, one obtainsuĥu;usu;ueu
;O(1/10), uh8u'431023 andue8u;231024. The success
of the framework presented in Ref.@20# ~which set z22

u

5z22
d 50) in describing fermion masses and mixings rema

essentially unaltered ifu(z22
u ,z22

d )u<(1/3)(1022) ~say!.
Such a hierarchical form of the mass matrices, w

h33-term being dominant, is attributed in part to flavor gau
symmetry~ies! that distinguishes between the three familie
and in part to higher dimensional operators involving
example^45H&/M 8 or ^16H&/M 9, which are suppressed b
MGUT/M string;1/10, if M 8 and/or M 9;M string. The basic
presumption here is that effective dimensionless coupli
allowed by SO(10)/G(224) and flavor symmetries are o
order unity @i.e., (hi j ,gi j ,ai j )'1/3–3 ~say!#. The need for
appropriate powers of (S/M ) with ^S&/M;MGUT/M string
;(1/1021/20) in the different couplings leads to a hiera
chical structure. As an example, introduce just one U~1!-
flavor symmetry, together with a discrete symmetryD, with
one singletS. The hierarchical form of the Yukawa coupling
exhibited in Eqs.~1! and ~2! would follow, for the case of
p51, q50, if, for example, theU(1) flavor charges are
assigned as follows:

163 162 161 10H 16H 16H 45H S

a a11 a12 22a 2a21/2 2a 0 21.

~3!
All the fields are assumed to be even under the discrete s
metry D, except for16H and 16H which are odd. It is as-
sumed that other fields are present that would make the U~1!
symmetry anomaly-free. With this assignment of charg
one would expectuz22

u,du;(^S&/M )2; one may thus take
uz22

u,du;(1/3)31022 without upsetting the success of Re
@20#. In the same spirit, one would expectuz13,z31u
;(^S&/M )2;1022 and uz11u;(^S&/M )4;1024 ~say!,
wherez11, z13, andz31 denote the ‘‘11,’’ ‘‘13,’’ and ‘‘31,’’
elements respectively. The value of ‘‘a’’ would get fixed b
the presence of other operators~see later!.

To discuss the neutrino sector one must specify the M
jorana mass-matrix of the RH neutrinos as well. These a
from the effective couplings of the form@35#
07200
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LMaj5 f i j 16i16j16H16H /M ~4!

where thef i j ’s include appropriate powers of^S&/M , in ac-
cord with flavor charge assignments of16i @see Eq.~3!#. For
the f 33-term to be leading, we must assign the charge2a to
16H . This leads to a hierarchical form for the Majorana ma
matrix @20#:

MR
n 5F x 0 z

0 0 y

z y 1
GMR . ~5!

Following the flavor-charge assignments given in Eq.~3!, we
expect uyu;^S/M &;1/10, uzu;(^S/M &)2;(1/200)(1 to
1/2, say!, uxu;(^S/M &)4;(1024–1025) ~say!. The ‘‘22’’ el-
ement~not shown! is ;(^S/M &)2 and its magnitude is taken
to be ,uy2/3u, while the ‘‘12’’ element ~not shown! is
;(^S/M &)3. We expect

MR5 f 33̂ 16H&2/M string'~1015 GeV!~1/222! ~6!

for ^16H&'231016 GeV, M string'431017 GeV @36# and
f 33'1. Allowing for 2-3 mixing, this value ofMR @together
with the SU~4!-color relation m(n3

Dirac)5mt(MGUT)
'120 GeV] leads tom(n3)'(1/24 eV)(1/2–2)@17,20,37#,
in good accord with the SuperK data.

Ignoring possible phases in the parameters and thus
source ofCP violation for a moment, as was done in Re
@20#, the parameters (s, h, e, e8, h8, M u

0 , M D
0 , andy) can

be determined by using, for example,mt
phys5174 GeV,

mc(mc)51.37 GeV, mS(1 GeV!5110–116 MeV,
mu(1 GeV!56 MeV, the observed masses ofe, m, andt and
m(n2)/m(n3)'1/(761) ~as suggested by a combination
atmospheric and solar neutrino data, the latter correspon
to the LMA MSW solution, see below! as inputs. One is thus
led, for this CP conserving case, to the following fit for the
parameters, and the associated predictions@20#. †In this fit,
we dropuz22

u,du&(1/3)(1022) and leave the small quantitiesx
and z in MR

n undetermined and proceed by assuming t
they have the magnitudes suggested by flavor symme
„i.e., x;(1024–1025) and z;(1/200)(1 to 1/2) @see re-
marks below Eq.~5!#…‡,

s'0.110, h'0.151, e'20.095, uh8u'4.431023,

e8'231024, M u
0'mt~MX!'120 GeV, ~7!

M D
0 'mb~MX!'1.5 GeV, y'21/17.

These output parameters remain stable to within 10% co
sponding to small variations (&10%) in the input param-
eters ofmt , mc , ms , and mu . These in turn lead to the
following predictions for the quarks and light neutrino
@20,37#:
2-3



mb~mb!'~4.7–4.9! GeV,

ADm23
2 'm~n3!'~1/24 eV!~1/2–2!,

Vcb'UAms

mb
U h1e

h2e
U1/22Amc

mt
U s1e

s2e
u1/2u'0.044,

5 unmnt

osc 'UAmm

mt
U h23e

h13e U
1/2

1Amn2

mn3

U'u0.4371~0.37860.03!u,

Thus, sin22unmnt

osc '0.99 @for m~n2!/m~n3!'1/7#,

Vus'UAmd

ms
2Amu

mc
U'0.20,

UVub

Vcb
U'Amu

mc
'0.07,

md~1 GeV!'8 MeV,
osc

~8!
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unenm
'0.06 ~ ignoring nonseesaw contributions!; see remarks below.
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The Majorana masses of the RH neutrinos (NiR[Ni) are
given by @37#

M3'MR'1015 GeV ~1/2–1!,

M2'uy2uM3'~2.531012 GeV! ~1/2–1), ~9!

M1'ux2z2uM3;~1/2–2!1025M3;1010 GeV ~1/4–2).

Note that we necessarily have a hierarchical pattern
the light as well as the heavy neutrinos~see discussions be
low on mn1

). Leaving out thene-nm oscillation angle for a
moment, it seems remarkable that the first seven predict
in Eq. ~8! agree with observations, to within 10%@38#. Par-
ticularly intriguing is the (B2L)-dependentgroup-theoretic
correlation between the contribution from the first term
Vcb and that inunmnt

osc , which explains simultaneously wh

one is small (Vcb) and the other is large (unmnt

osc ) @39#. That in

turn provides some degree of confidence in the gross st
ture of the mass matrices.

As regardsne-nm andne-nt oscillations, the standard see
saw mechanism would typically lead to rather small ang
as in Eq.~8!, within the framework presented above@20#. It
has, however, been noted recently@21# that small intrinsic
~nonseesaw! masses;1023 eV of the LH neutrinos can
arise quite plausibly through higher dimensional operator
the form @40#: W12.k1216116216H16H10H10H /Meff

3 , with-
out involving the standard seesaw mechanism@16#. One can
verify that such a term would lead to an intrinsic Majora
mixing mass term of the formm12

0 nL
enL

m , with a strength
given by m12

0 'k12̂ 16H&2(175 GeV)2/Meff
3 ;(1.5–6)

31023 eV, for ^16H&'(1-2)MGUT and k12;1, if Meff
;MGUT'231016 GeV @41#. Such an intrinsic Majorana
nenm mixing mass;few31023 eV, though small compared
to m(n3), is still much larger than what one would gene
07200
r
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s

f

cally get for the corresponding term from the standard s
saw mechanism~as in Ref.@20#!. Now, the diagonal (nmnm)
mass-term, arising from standard seesaw can naturally
;(3 –8)31023 eV for uyu'1/20–1/15, say@20#. Thus, tak-
ing the net values of m22

0 '(627)31023 eV, m12
0

;331023 eV as above andm11
0 !1023 eV, which are all

plausible, we obtain mn2
'(6 –7)31023 eV, mn1

;(1 to few)31023 eV, so that Dm12
2 '(3.6–5)

31025 eV2 and sin22u nenm
osc '0.6–0.7. These go well with

the LMA MSW solution of the solar neutrino puzzle.
In summary,the intrinsic nonseesaw contributionto the

Majorana masses of the LH neutrinos can possibly have
right magnitude forne-nm mixing so as to lead to the LMA
solution within the G~224!/SO~10!-framework, without up-
setting the successes of the first seven predictions in Eq.~8!.
~In contrast to the near maximality of thenm-nt oscillation
angle, however, which emerges as a compelling predictio
the framework@20#, the LMA solution, as obtained above
should be regarded as a consistent possibility, rather tha
a compelling prediction, within this framework.!

Before discussing leptogenesis, we need to discuss
origin of CP violation within the G~224!/SO~10!-framework
presented above. The discussion so far has ignored, for
sake of simplicity, possibleCP violating phases in the pa
rameters (s, h, e, h8, e8, z22

u,d , y, z, andx) of the Dirac and
Majorana mass matrices@Eqs.~1! and~5!#. In general, how-
ever, these parameters can and generically will have ph
@42#. Some combinations of these phases enter into the C
matrix and define the Wolfenstein parametersrW and hW
@43#, which in turn induceCP violation by utilizing the stan-
dard model interactions. As observed in Ref.@23#, an addi-
tional and potentially important source ofCP and flavor vio-
lations~as inK0↔K̄0, Bd,s↔B̄d,s , b→sss̄, etc. transitions!
arises in the model through supersymmetry@44#, involving
2-4
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squark and gluino loops~box and penguin!, simply because
of the embedding of MSSM within a string-unified G~224! or
SO~10!-theory near the GUT scale, and the assumption
primordial SUSY-breaking occurs near the string sc
(M string.MGUT) @45#. It is shown that complexification o
the parameters (s, h, e, h8, e8, etc.!, through introduction
of phases;1/20–1/2 ~say! in them, can still preserve th
successes of the predictions as regards fermion masse
neutrino oscillations shown in Eq.~8!, as long as one main
tains nearly the magnitudes of the real parts of the par
eters and especially their relative signs as obtained in R
@20# and shown in Eq.~7! @46#. Such a picture is also in
accord with the observed features ofCP and flavor violations
in eK , DmBd , and asymmetry parameter inBd→J/C
1Ks , while predicting observable new effects in proces
such asBs→B̄s andBd→F1Ks @23#.

We therefore proceed to discuss leptogenesis concre
within the framework presented above by adopting the Di
and Majorana fermion mass matrices as shown in Eqs.~1!
and~5! and assuming that the parameters appearing in th
matrices can have natural phases;1/20–1/2~say! with ei-
ther sign up to addition of6p, while their real parts have
the relative signs and nearly the magnitudes given in Eq.~8!.

III. LEPTOGENESIS

In the context of an inflationary scenario@47#, with a
plausible reheat temperatureTRH;(1 to few)3109 GeV
~say!, one can avoid the well known gravitino problem
m3/2;(1 –2) TeV @48# and yet produce the lightest heav
neutrino N1 efficiently from the thermal bath ifM1
;(3 –5)3109 GeV ~say!, in accord with Eq.~9! (N2 andN3
are of course too heavy to be produced atT;TRH). Given
lepton number~and B2L) violation occurring through the
Majorana mass ofN1, and C andCP violating phases in the
Dirac and/or Majorana fermion mass-matrices as mentio
above, the out-of-equilibrium decays ofN1 ~produced from
the thermal bath! into l 1H and l̄ 1H̄ and into the corre-
sponding SUSY modesl̃ 1H̃ and lD1HD would produce aB
2L violating lepton asymmetry; so also would the decays

Ñ1 and Ñ̄1. Part of this asymmetry would of course b
washed out due to inverse decays and lepton number vi
ing 2↔2 scatterings. We will assume this common
adopted mechanism for the so-called thermal leptogenesi~at
the end, we will, however, consider an interesting alterna
that would involve nonthermal leptogenesis!. This mecha-
nism has been extended to incorporate supersymmetry
several authors~see e.g.,@49–51#!. The net lepton asymme
try of the Universe@YL[(nL2nL̄)/s# arising from decays of
N1 into l 1H and l̄ 1H̄ and into the corresponding SUS

modes (l̃ 1H̃ and lD1HD ) and likewise from (Ñ1 ,Ñ̄1) decays
@49–51# is given by

YL5ke1S nN1
1nÑ1

1nÑ̄1

s
D'ke1 /g* ~10!

wheree1 is the lepton-asymmetry produced perN1 @or (Ñ1
07200
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1Ñ̄1)-pair# decay~see below!, k is an efficiency or damping
factor that represents the washout effects mentioned ab
~thus k incorporates the extent of departure from therm
equilibrium in N1-decays; such a departure is needed to
alize lepton asymmetry!. The entityg* '228 is the number
of light degrees of freedom in MSSM.

The lepton asymmetryYL is converted to baryon asym
metry, by the sphaleron effects, which is given by

YB5
nB2nB̄

s
5CYL , ~11!

where, for MSSM,C'21/3. Taking into account the inter
ference between the tree and loop-diagrams for the decay
N1→ lH and l̄ H̄ ~and likewise forN1→ l̃ H̃ and lDHD modes

and also forÑ1 and Ñ̄1-decays!, the CP violating lepton
asymmetry parameter in each of the four channels~see e.g.,
@50# and @51#! is given by

e15
1

8pv2~MD
† MD!11

(
j 52,3

Im@~MD
† MD! j 1#2f ~M j

2/M1
2!

~12!

whereMD is the Dirac neutrino mass matrix evaluated in
basis in which the Majorana mass matrix of the RH neutrin
MR

n @see Eq.~5!# is diagonal,v5(174 GeV)sinb and the
function f '23(M1 /M j ) for the case of SUSY withM j
@M1.

The efficiency factor mentioned above, is often expres
in terms of the parameterK[@G(N1)/2H#T5M1

@47#. As-

suming initial thermal abundance forN1 , k is normalized so
that it is 1 if N1’s decay fully out of equilibrium correspond
ing to K!1 ~in practice, this actually requiresK,0.1). In-
cluding inverse decays as well asDLÞ0 scatterings in the
Boltzmann equations, a recent analysis@52# shows that in the
relevant parameter-range of interest to us~see below!, the
efficiency factor~for the SUSY case! is given by@53#

k'~0.731024!~eV/m̃1! ~13!

wherem̃1 is an effective mass parameter~related toK @54#!,
and is given by@55#

m̃1[~MD
† MD!11/M1 . ~14!

Equation~14! should hold to better than 20%~say!, when
m̃1@531024 eV @52# ~this applies well to our case, see b
low!.

Given the Dirac and Majorana mass matrices of the n
trinos@Eqs.~1! and~5!#, we are now ready to evaluate lepto
asymmetry by using Eqs.~10!–~14!.

The Majorana mass matrix@Eq. ~5!# describing the mass
term nR

TCMR
n nR is diagonalized by the transformationnR

5UR
(1)UR

(2)NR , where~to a good approximation!
2-5
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UR
(1)'F 1 0 z

0 1 y

2z 2y 1
G , ~15!

and UR
(2)5diag(eif1,eif2,eif3) is a diagonal phase matri

that ensures real positive eigenvalues. The phasesf i can of
course be derived from those of the parameters inMR

n @see
Eq. ~5!#. Applying this transformation to the neutrino Dira
mass-term n̄LM n

DnR given by Eq. ~1!, we obtain MD

5M n
DUR

(1)UR
(2) , which appears in Eqs.~12! and~14!. In turn,

this yields

~MD
† MD!21

~M u
0!2

5ei (f12f2)$~23e8* 2z13* y* !~z112zz13!

1@z22
u* 2y* ~s* 23e* !#@3e82z~s23e!#

1~z312z!@~s* 13e* !2y* #% ~16!

~MD
† MD!11

~M u
0!2

5u3e82z~s23e!u21uz312zu2. ~17!

In writing Eqs.~16! and~17!, we have allowed, for the sak
of generality, the relatively small ‘‘11,’’ ‘‘13,’’ and ‘‘31’’ el-
ements in the Dirac mass matrixM n

D , denoted byz11, z13

and z31 respectively, which are not exhibited in Eq.~1!. As
mentioned before, guided by considerations of flavor sy
metry @see Eq. ~3!#, we would expectuz11u;(^S&/M )4

;1024–1025, and uz13u;uz31u;(^S&/M )2;1022(1 to 1/3)
~say!. These small elements~neglected in@20#! would not, of
course, have any noticeable effects on the predictions of
fermion masses and mixings given in Eq.~8!, except possi-
bly on md .

We now proceed to make numerical estimates of lep
and baryon-asymmetries by taking the magnitudes and
relative signs of the real parts of the parameters (s, h, e,
h8, e8, and y) approximately the same as in Eq.~7!, but
allowing in general for natural phases in them. As mention
before @see for example the fit given in Ref.@46# and Ref.
@23# ~to appear!# such a procedure introducesCP violation in
accord with observation, while preserving the successe
the framework as regards its predictions for fermion mas
and neutrino oscillations@20,23#.

Given the magnitudes of the parameters@see Eqs.~7! and
Ref. @46##, which are obtained from consideration
of fermion masses and neutrino oscillations@20,23#—
that is usu'ueu'0.1, uyu'0.06, ue8u'231024, uzu
;(1/200)(1 to 1/2), uz22

u u;1023(1 to 3), uz13u;uz31u
;(1/200)(1 to 1/2), with the real parts of (s, e and y)
having the signs (1,2,2) respectively—we would expec
the typical magnitudes of the three terms of Eq.~16! to be as
follows:

u1st Termu5u~23e8* 2z13* y* !~z112zz13!u

'@~6 to 8!31024#@~2.531025!~1 to 1/4!#

;1028
07200
-

he

n
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u2nd Termu5u$z22
u* 2y* ~s* 23e* !%$3e82z~s23e!%u

'~231022!@231023~1 to 1/2!#

'~431025!~1 to 1/2! ~18!

u3rd Termu5u~z312z!$~s* 13e* !2y* %u

'@~1/200!~1/2 to 1/5!#~0.13!

'~0.731023!~1/2 to 1/5!.

Thus, assuming that the phases of the different terms
roughly comparable, the third term would clearly domina
The RHS of Eq.~17! is similarly estimated to be

~MD
† MD!11

~M u
0!2

5u3e82z~s23e!u21uz312zu2

'u6310247231023~1 to 1/2!u2

1u531023~1/2 to 1/5!u2

'2.531025~1/4 to 1/6!. ~19!

Sinceuz31u anduzu are each expected to be of order~1/200!~1
to 1/2!, we have allowed in Eqs.~18! and~19! for a possible
mild cancellation between their contributions touz312zu by
putting uz312zu'(1/200)(1/2 to 1/5)~say!. In going from
the second to the third step of Eq.~19! we have assumed~for
simplicity! that the second term of (MD

† MD)11/(M u
0)2 given

by uz312zu2 denominates over the first. This in fact holds f
a large part of the expected parameter space, especiall
values ofuzu'(1/200)(1/2)&uz31u'(1/200)(1 to 3/4)~say!.
Note that the combinationuz312zu also enters into the domi
nant term @i.e., the third term in Eq. ~18!# of
(MD

† MD)21/(M u
0)2. As a result, to a good approximation~in

the region of parameter space mentioned above!, the lepton-
asymmetry parametere1 @given by Eq.~12!# becomes inde-
pendent of the magnitude ofuz312zu2, and is given by

e1'
1

8p S M u
0

v D 2

u~s13e!2yu2sin~2f21!~23!S M1

M2
D

'2~2.031026!sin~2f21!, ~20!

where,f215arg@(z312z)(s* 13e* 2y* )#1(f12f2), and
we have put (M u

0/v)2'1/2, us13e2yu'0.13 @see Eq.~7!
and Ref.@46##, and for concreteness~for the present case o
thermal leptogenesis! M1'43109 GeV and M2

'231012 GeV @see Eq.~9!#. The parameterm̃1, given by
Eq. ~14!, is ~approximately! proportional touz312zu2 @see
Eq. ~19!#. It is given by

m̃1'uz312zu2~M u
0!2/M1

'~1.931022 eV!~1 to 1/6!S 43109 GeV

M1
D ~21!

where, as before, we have put uz312zu
'(1/200)(1/2 to 1/5). The corresponding efficiency factork
2-6
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@given by Eq.~13!#, lepton and baryon-asymmetriesYL and
YB @given by Eqs.~10! and~11!# and the requirement on th
phase-parameterf21 are listed in Table I.

The constraint onf21 is obtained from considerations o
big-bang nucleosynthesis, which requires 3.7310211

&(YB)BBN&9310211 @1#; this is consistent with the CMB
data @2#, which suggest somewhat higher values
(YB)CMB'(7210)310211 ~say!. We see that the first cas
uz312zu'1/200(1/3) leads to a baryon asymmetryYB that is
on the low side of the BBN-data, even for a maxim
sin(2f21)'1. The other cases with uz312zu
'(1/200)(1/4 to 1/5), which are of course perfectly pla
sible, lead to the desired magnitude of the baryon asymm
for natural values of the phase parameterf21
;(p/18 to p/4). We see that, for the thermal case, the CM
data, requiring higher values ofYB , would suggest some
what smaller values ofuz312zu;1023. This constraint
would be eliminated for the case of nonthermal leptogene

We next consider briefly the scenario of nonthermal le
togenesis@56,57#. In this case the inflaton is assumed to d
cay, following the inflationary epoch, directly into a pair
heavy RH neutrinos~or sneutrinos!. These in turn decay into
l 1H and l̄ 1H̄ as well as into the corresponding SUS
modes, and thereby produce lepton asymmetry, during
process of reheating. It turns out that this scenario goes
with the fermion mass pattern of Sec. II@in particular see Eq.
~9!# and the observed baryon asymmetry, provided 2M2
.minfl.2M1, so that the inflation decays into 2N1 rather
than into 2N2 ~contrast this from the case proposed in R
@56#!. In this case, the reheating temperature (TRH) is found
to be much less thanM1;1010 GeV ~see below!; thereby~a!
the gravitino constraint is satisfied quite easily, even fo
rather low gravitino-mass;200 GeV~unlike in the thermal
case!; at the same time~b! while N1’s are produced nonther
mally ~and copiously! through inflaton decay, they remai
out of equilibrium and the wash out process involving
verse decays andDLÞ0 scatterings is ineffective, so that th
efficiency factork is 1.

To see how the nonthermal case can arise naturally,
recall that the VEV’s of the Higgs fieldsF5(1,2,4)H and

F̄5(1,2,4̄)H have been utilized to~i! break SU(2)R and B
2L so that G~224! breaks to the SM symmetry@7#, and
simultaneously~ii ! to give Majorana masses to the RH ne
trinos via the coupling in Eq.~4! ~see e.g., Ref.@20#; for

SO~10!, F̄ andF would be in16H and16̄H respectively!, it

TABLE I. Baryon asymmetry for the case of thermal leptoge
esis.

uz312zu

~1/200!~1/3! ~1/200!~1/4! ~1/200!~1/5!

m̃1 ~eV! 0.8331022 0.4731022 0.3031022

k 1/73 1/39 1/24
YL /sin(2f21) 211.8310211 222.4310211 236310211

YB /sin(2f21) 4310211 7.5310211 12310211

f21 ;p/4 ;p/122p/4 ;p/182p/4
07200
f
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is attractive to assume that the sameF and F̄ ~in fact their

ñRH and n̄̃RH-components!, which acquire GUT-scale VEV’s
also drive inflation@56#. In this case the inflaton would natu
rally couple to a pair of RH neutrinos by the coupling of E
~4!. To implement hybrid inflation in this context, let us a
sume following Ref.@56#, an effective superpotentialWeff

infl

5lS(F̄F2M2)1(nonrenormalizable terms), whereS is a
singlet field@58#. It has been shown in Ref.@56# that in this
case a flat potential with a radiatively generated slope
arise so as to implement inflation, with G~224! broken during
the inflationary epoch to the SM symmetry. The inflaton
made of two complex scalar fields@i.e., u5(dñH

C

1dn! H
C)/A2 that represents the fluctuations of the Hig

fields around the SUSY minimum, and the singlet S#. Each
of these have a massminfl5A2lM , whereM5^(1,2,4)H&
'231016 GeV and a widthG infl5G(u→CnH

CnH
)5G(S

→ ñHñH)'@1/(8p)#(M1 /M )2minfl so that

TRH'~1/7!~G inflMPl!
1/2'~1/7!~M1 /M !@minflMPl /~8p!#1/2.

~22!

For concreteness, take@59# M2'231012 GeV, M1
'231010 GeV(1 to 2) @in accord with Eq. ~9!#, and l
'1024, so that minfl'331012 GeV. We then getTRH
'(1.73108 GeV)(1 to 2), and thus~see e.g., Sec. 8 of Ref
@47#!

~YB!nonthermal'2~YL/3!

'~21/3!@~nN1
1nÑ1

1nÑ̄1
!/s#e1

'~21/3!@~3/2!~TRH/minfl!e1#

'~30310211!~sin 2f21!~1 to 2!2.

~23!

Here we have used Eq.~20! for e1 with appropriate
(M1 /M2), as above. SettingM1'231010 for concreteness
we see thatYB obtained above agrees with the~nearly cen-
tral! observed value of̂YB&BBN(CMB)

central '@6(9)#310211, again
for a natural value of the phase parameterf21
'p/30(p/20). As mentioned above, one possible advant
of the nonthermal over the thermal case is that the graviti
constraint can be met rather easily, in the case of the for
~becauseTRH is rather low ;108 GeV), whereas for the
thermal case there is a significant constraint on the lowe
of theTRH ~so as to satisfy the gravitino-constraint! vis àvis
a raising ofM1;TRH so as to have sufficient baryon asym
metry @note thate1}M1, see Eq.~20!#. Furthermore, for the
nonthermal case, the dependence ofYB on the parameter
uz312zu2 @which arises throughk andm̃1 in the thermal case
see Eqs.~13!, ~14!, and~19!# is largely eliminated. Thus the
expected magnitude ofYB @Eq. ~23!# holds without a signifi-
cant constraint onuz312zu ~in contrast to the thermal case!.

To conclude, we have considered two alternative s
narios~thermal as well as nonthermal! for inflation and lep-
togenesis. We see that the G~224!/SO~10! framework pro-

-
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vides a simple andunified descriptionof not only fermion
masses and neutrino oscillations~consistent with maxima
atmospheric and large solar oscillation angles! but also of
baryogenesis via leptogenesis, treated within either scen
in accord with the gravitino-constraint. Each of th
features—~a! the existence of the right-handed neutrinos,~b!
B2L local symmetry,~c! quark-lepton unification through
SU~4! color, ~d! the magnitude of the supersymmetr
unification-scale and~e! the seesaw mechanism—plays
crucial role in realizing this unified and successful descr
tion. These features in turn point to the relevance of eit
the G~224! or the SO~10! symmetry being effective betwee
the string and the GUT scales, in four dimensions@9#. While
the observed magnitude of the baryon asymmetry seem
emerge naturally from within the framework, understand
e
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its observed sign~and thus the relevantCP violating phases!
remains a challenging task@60#.
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would be true for SO~10! if only 10H contributes to the fer-
mion masses. However, the minimal Higgs system permit
(B2L)-dependent antisymmetric ‘‘23’’ and ‘‘32’’ entry@20#
~as discussed later!, which plays a crucial role in explaining
why mmÞms and whyVcb is so small and yetun2n3

osc is rather
maximal. Such entries do not respectM n

D5Mu .
@28# For instance, in the first paper of Ref.@26#, it is found that only

the solar vacuum oscillation solution gives acceptable bar
asymmetry. In the second paper, it is noted that SUSY mod
with full quark-lepton symmetry give too small an asymmet
while in the third paper it is found that the just-so and SM
solutions give viable leptogenesis, but the LMA solution
strongly disfavored@based on their assumption ofM n

D5Mu

~see comments in Ref.@27#!#. In the fourth paper, it is observe
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that the SMA and vacuum solutions produce reasonable as
metry, but the LMA solution produces too large an asymme

@29# These have been introduced in various forms in the literat
For a sample, see, e.g., C.D. Frogatt and H.B. Nielsen, N
Phys.B147, 277~1979!; L. Hall and H. Murayama, Phys. Rev
Lett. 75, 3985 ~1995!; P. Binetruy, S. Lavignac, and P. Ra
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@30# The zeros in ‘‘11,’’ ‘‘13’’ and ‘‘31’’ elements signify that they
are relatively small quantities~specified below!. While the
‘‘22’’ elements were set to zero in Ref.@20#, because they are
meant to be,‘‘23’’‘‘32’’/‘‘33’’ ;1022 ~see below!, and thus
unimportant for purposes of Ref.@20#, they are retained here
because such smallz22

u andz22
d @;(1/3)31022 ~say!# can still

be important forCP violation and thus leptogenesis.
@31# For G~224!, one can choose the corresponding submultiplet

that is (1,1,15)H , (1,2,4̄)H , (1,2,4)H , (2,2,1)H—together
with a singlet S, and write a superpotential analogous
Eq. ~2!.

@32# If the effective nonrenormalizable operator lik
16216310H45H /M 8 is induced through exchange of states w
GUT-scale masses involving renormalizable couplings, rat
than through quantum gravity,M 8 would, however, be of orde
GUT scale. In this casê45H&/M 8;1, rather than 1/10.

@33# While 16H has a GUT-scale VEV along the SM singlet, it turn

out it can also have a VEV of EW scale along the ‘‘ñL’’ direc-
tion due to its mixing with10H

d , so that theHd of MSSM is a
mixture of 10H

d and 16H
d . This turns out to be the origin o

nontrivial CKM mixings ~see Ref.@20#!.
@34# The flavor charge~s! of 45H(16H) would get determined de

pending upon whetherp(q) is one or zero~see below!.
@35# These effective nonrenormalizable couplings can of cou

arise through exchange of~for example! 45 in the string tower,
involving renormalizable16i16H45 couplings. In this case, on
would expectM;M string.

@36# P. Ginsparg, Phys. Lett. B197, 139 ~1987!; V.S. Kaplunovsky,
Nucl. Phys.B307, 145 ~1988!; B382, 436~E! ~1992!.

@37# J.C. Pati, to appear in the Proceedings of the Erice 2
School, hep-ph/0305221.

@38# The range inM3 andM2 is constrained by the values ofm(n3)
and m(n2) suggested by the atmospheric and solar neutr
data.

@39# Note that the magnitudes ofh, e ands are fixed by the input
quark masses. Furthermore, one can argue that the two co
butions forun2n3

osc @see Eq.~8!# necessarily add to each other
long asuyu is hierarchical (;1/10) @20#. As a result, once the
sign of e relative to h and s is chosen to be negative, th
actual magnitudes ofVcb'(0.044) and sin22u n2n3

osc '0.99
emerge as predictions of the model@20#.

@40# Note that such an operator would be allowed by the fla
symmetry defined in Eq.~3! if one setsa51/2. In this case,
operators such asW23 andW33 that would contribute tonL

mnL
t

andnL
t nL

t masses would be suppressed relative toW12 by fla-
vor symmetry. As pointed out by other authors@see, e.g., S.
Weinberg, Phys. Rev. Lett.43, 1566 ~1979! and Proc. XXVI
Int. Conf. on High Energy Physics, Dallas, Texas, 1992;
Akhmedov, Z. Berezhiani, and G. Senjanovic, Phys. Rev
47, 3245~1993!#, nonseesaw Majorana masses of the LH n
trinos can arise directly, even in the standard model, thro
07200
-
.
e.
l.

r

e

2

o

tri-

r

.

-
h

operators of the formLiL jFHFH /M , by utilizing quantum
gravity. @For SO~10!, two 16H’s are needed additionally to vio
late B2L by two units.# In the case of the standard mode
ordinarily, one would expectM;MPlanck. Thus one would still
need to find a reason~in the context of the standard mode!

why ~a! M;MGUT and also~b! why L1L2FHFH /M is the
leading operator in its class, rather than being suppressed~due
to flavor symmetries! relative to L3L3FHFH /M ~for ex-
ample!. Both ~a! and ~b! are needed for this direct nonseesa
mass to be relevant to the LMA MSW solution.

@41# A term like W12 can be induced in the presence of, for e

ample, a singletŜ and a ten-plet (10̂), possessing effective

renormalizable couplings of the formai16i16H10̂, b10̂10HŜ

and mass termsM̂SŜŜ and M̂1010̂1̂0. In this casek12/Meff
3

'a1a2b2/(M̂10
2 M̂S). Setting the chargea51/2 @see Eq.~3!

and @40##, and assigning charges (23/2,5/2) to (10̂,Ŝ), the
couplingsa1, andb would be flavor-symmetry allowed, while

a2 would be suppressed but so also would be the mass o10̂
compared to the GUT scale. One can imagine thatŜ on the
other hand acquires a GUT-scale mass through for example
Dine-Seiberg-Witten mechanism, violating the U~1!-flavor
symmetry. One can verify that in such a picture, one wo
obtaink12/Meff

3 ;1/MGUT
3 .

@42# For instance, consider the superpotential for45H only:
W(45H)5M4545H

2 1l45H
4 /M , which yields ~setting F45H

50), either^45H&50, or ^45H&252@2M45M /l#. Assuming
that ‘‘other physics’’ would favor̂ 45H&Þ0, we see that̂45H&
would be pure imaginary, if the square bracket is positive, w
all parameters being real. In a coupled system, it is conceiva
that^45H& in turn would induce phases~other than ‘‘0’’ andp)
in some of the other VEV’s as well, and may itself becom
complex rather than pure imaginary.

@43# L. Wolfenstein, Phys. Rev. Lett.51, 1945~1983!.
@44# Within the framework developed in Ref.@23#, theCP violating

phases entering into the SUSY contributions~for example
those entering into the squark-mixings! also arise entirely
through phases in the fermion mass matrices.

@45# An intriguing feature is the prominence of thedRR
23 (b̃R→ s̃R)

parameter which gets enhanced in part because of the large
of the n2-n3 oscillation angle. This leads to large departur
from the predictions of the standard model, especially in tr

sitions such asBs→B̄s andBd→FKs(b→ss̄s) @23#. This fea-
ture has independently been noted recently by D. Chang
Massiero, and H. Murayama, Phys. Rev. D67, 075013~2003!.

@46# As an example, one such fit with complex parameters ass
@23# s50.1020.012i , h50.1220.05i , e520.095, h8
54.031023, e851.5431024eip/4, z22

u 51.2531023eip/9 and
z22

d 5431023eip/2, M u
0'110 GeV, M D

0 '1.5 GeV,
y'21/17 @compare with Eq.~7! for which z22

u 5z22
d 50]. One

obtains as outputsmb,s,d'(5 GeV, 132 MeV, 8 MeV!,
mc,u'(1.2 GeV, 4.9 MeV!, mm,e'(102 MeV, 0.4 MeV! with
mt,t'(167 GeV, 1.777 GeV!, (Vus ,Vcb ,uVubu,uVtdu)
'(0.217,0.044,0.0029,0.011), while preserving the pred
tions for neutrino masses and oscillations as in Eq.~8!. The
above serves to demonstrate that complexification of par
eters of the sort presented above can preserve the succes
Eq. ~8! @20#. This particular case leads tohW50.29 andrW

520.187 @23#, to be compared with the corresponding sta
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dard model values~obtained fromeK , Vub and DmBd) of
(hW)SM'0.33 and (rW)SM'10.2. The consistency of suc
values forhW and rW ~especially reversal of the sign ofrW

compared to the SM value!, in the light of having both stan-
dard model and SUSY-contributions toCP and flavor-
violations, and their distinguishing tests, are discussed
Ref. @23#.

@47# For reviews, see Chaps. 6 and 8 in E.W. Kolb and M.S. Turn
The Early Universe@6#.
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@53# The factor 0.7 in Eq.~13! @instead of 1 in Eq.~14! of Ref. @52##

is an estimate that incorporates the modification needed
SUSY corresponding to a doubling ofN1-decay width owing

to the presence of bothl 1H and l̃ 1H̃-modes and an increas
of g* from 106 for the standard model to 228 for SUSY.

@54# One can verify that K[@G(N1)/2H#T5M1

'(0.37)$MPl /@1.66Ag* (8pv2)#%m̃1'234(m̃1/eV), where
0.37 denotes the usual time-dilation factor,g* (for SUSY)
'228 andv'174 GeV. For comparison, we note that if on
includes only inverse decays~thus neglectingDLÞ0 scatter-
ings! in the Boltzmann equations, one would obtaink
'0.3/@K(ln K)0.6# for K.10 @47#, and k'1/2K for 1&K
&10. As pointed out in Ref.@52#, these expressions, frequent
used in the literature, however, tend to overestimatek by
nearly a factor of 7. In what follows, we will therefore use E
~13! to evaluatek.
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@56# For a specific scenario of inflation and leptogenesis in the c

text of SUSY G~224!, see R. Jeannerot, S. Khalil, G. La
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arides, and Q. Shafi, J. High Energy Phys.10, 012~2000!, and
references therein. As noted in this paper, with the VEV’s

(1,2,4)H and (1,2,4̄)H breaking G~224! to the standard model
and also driving inflation, just the COBE measurement
dT/T'6.631026, interestingly enough, implies that the re
evant VEV should be of order 1016 GeV. In this case, the

inflation made of two complex scalar fields@i.e., u5(dñH
c

1dn! H
c )/A2, given by the fluctuations of the Higgs fields, an

a singletS], each with a mass;1012–1013 GeV, would decay
directly into a pair of heavy RH neutrinos—that is intoN2N2

~or N1N1) if minfl.2M2 ~or 2M1). The subsequent decays o

N2’s ~or N1’s!, thus produced, intol 1FH and l̄ 1F̄H would
produce lepton-asymmetryduring the process of reheating. I
will comment later on the consistency of this possibility wi
the fermion mass-pattern exhibited in Sec. II. I would like
thank Qaisar Shafi for a discussion on these issues.

@57# K. Kumekawa, T. Moroi, and T. Yanagida, Prog. Theor. Ph
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@58# Incorporating such an effective superpotential in accord w
the assignment of flavor-changes suggested in Eq.~3! and Ref.
@41# would involve two additional singlets with appropriat
charges. The (VEV)2 of one or both of these may represe
M2. Derivation of such a picture with appropriate flavo
charge assignments from an underlying~string/M! theory is of
course beyond the state of the art at present.

@59# Note that for this nonthermal case, since the gravitin
constraint is relaxed,N1 can be chosen heavier than for th
case considered before~the thermal case!, still in accord with
Eq. ~9!. Since YB}e1TRH /Minfl , while e1}(M1 /M2), TRH

}M1(Minfl)
1/2, andMinfl}l, we see thatYB}(M1

2/M2)/Al,
for a constantM, for the case of nonthermal leptogenesis.

@60# Note that the effective phasef21, relevant to leptogenesis
depends on the phases in both the Dirac (M n

D) and the Majo-
rana (MR

n ) mass matrices of the neutrinos. Thus, in genera
is quite distinct from the phase~s! entering into observedCP
violations in the K and the B systems.
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