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Leptogenesis through direct inflaton decay to light particles

Thomas Dent,* George Lazarides,† and Roberto Ruiz de Austri‡
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We present a scenario of nonthermal leptogenesis following supersymmetric hybrid inflation, in the case
where inflaton decay to both heavy right-handed neutrino and SU(2)L triplet superfields is kinematically
disallowed. Lepton asymmetry is generated through the decay of the inflaton into light particles by the inter-
ference of one-loop diagrams with right-handed neutrino and SU(2)L triplet exchange, respectively. We require
superpotential couplings explicitly violating a U~1! R symmetry andR parity. However, the brokenR parity
need not have currently observable low-energy signatures. Also, the lightest sparticle can be stable. Some
R-parity-violating slepton decays may, though, be detectable in future colliders. We take into account the
constraints from neutrino masses and mixing and the preservation of the primordial lepton asymmetry.
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I. INTRODUCTION

The standard model~SM! of electroweak and strong in
teractions, despite its many successes, leaves unansw
many questions in particle physics and cosmology. In p
ticular, it does not address the following problems: the ori
of electroweak symmetry breaking and of the hierarchy
tween the electroweak scaleMW and the~reduced! Planck
scalemP.2.4431018 GeV; the origin and size of neutrin
(n) masses and mixing; the cosmological horizon and fl
ness problems and the origin of density perturbations;
generation of the observed baryon asymmetry of the U
verse~BAU!.

The problem of stabilizing the electroweak scale relat
to the fundamental scaleMS ~which we take to be close to
the Planck scale! is solved by softly broken supersymmet
~SUSY!. For definiteness, we take the case of gravi
mediated SUSY breaking, where the gravitino mass is
order 1 TeV. In this framework, the vacuum expectation v
ues~VEVs! of the electroweak Higgs superfieldsh1 , h2 can
be determined by radiative corrections to the scalar poten
@1#. However, this explanation of the electroweak symme
breaking requires a termmh1h2 in the superpotential with
m;1 TeV, whereasa priori the value ofm is expected to be
of the order of the fundamental scale. Thism problem of the
minimal SUSY standard model~MSSM! can be addressed b
imposing a symmetry that forbids the abovem term, which is
then broken in a controlled fashion. AnR symmetry, broken
by the soft SUSY-breaking terms, can satisfy@2# this role
~see below!.

The smallness of neutrino masses is naturally explaine
a model with additional SM singlet chiral fermions (nc), the
right-handed neutrinos~RHNs!, since these can obtain heav
Majorana masses (;M nc) and also participate in Yukaw
couplings with the SU(2)L doublet neutrinos resulting in
Dirac neutrino masses (;mD) after the electroweak symme
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try breaking. The resulting seesaw mass matrix@3# has small
eigenvalues of ordermD

2 /M nc, which can be of the right
order of magnitude to explain atmospheric and solar neut
oscillations, while being consistent with cosmologic
bounds on neutrino masses. Another mechanism of indu
nonzero neutrino masses is the introduction of heavy sc
SU(2)L triplets T with lepton number22, coupling to the
SU(2)L doublet lepton fields. After the breaking of the ele
troweak symmetry, the neutral components of these trip
can acquire small VEVs inducing Majorana neutrino mas
@4#. In general, these two mechanisms for generating n
trino masses can coexist.

The cosmological horizon and flatness problems are m
elegantly solved by inflation, which can also generate
primordial density perturbations required for structure fo
mation in the Universe@5#. Moreover, inflation, which can be
easily incorporated in realistic particle physics models,
strongly favored by the recent data@6# on the angular power
spectrum of the cosmic microwave background radiat
~CMBR!.

If neutrinos get mass either by coupling to heavy S
singlet fermions or to heavy scalar SU(2)L triplets, it may be
possible to generate@7,8# a primordial lepton asymmetry in
the out-of-equilibrium decay of these heavy degrees of fr
dom, in case they were thermally produced in the early U
verse. This asymmetry is then reprocessed at the electrow
phase transition to yield the observed BAU. However, th
is tension between correct neutrino masses and this the
leptogenesis scenario in SUSY models because of the g
itino problem@9,10#. With a gravitino mass of around 1 TeV
the reheat temperatureTrh should not exceed 109 GeV since
gravitinos produced in thermal scattering processes wo
decay late presumably into photons and photinos and, if
ficiently numerous, interfere with the successful predictio
of standard big bang nucleosynthesis. On the other hand,
also requires that the heavy fields whose decay creates le
asymmetry be generated in sufficient numbers. So, t
masses should not exceedTrh , which leads to unacceptabl
large light neutrino masses. However, this problem can
alleviated@11,12# by assuming that there is some degree
degeneracy between the relevant RHNs or heavy SU(L
triplets, which enhances the generated lepton asymmetry,
©2004 The American Physical Society12-1
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perhaps also that the branching ratio of the gravitino de
into photons and photinos is less than unity, which somew
relaxes@10# the gravitino constraint onTrh .

The tension betweenn masses and the gravitino proble
can be more naturally relaxed by considering nonther
leptogenesis@13# at reheating. However, in existing scenari
@14,15#, where the inflaton decays into RHN or SU(2)L trip-
let superfields, this still puts a restriction on the masses
these particles: the decay products of the inflaton mus
lighter than half its massminf . Lepton asymmetry is gener
ated in the subsequent decay of the RHN or SU(2)L triplet
superfields.

In this work, however, we consider the consequences
allowing all the RHN and/or SU(2)L triplet superfields of the
model to be heavier thanminf/2 ~see also Ref.@16#!. Lepto-
genesis could then occur only via the direct decay of
inflaton to light particles~see also Ref.@17#!. We take a
simple SUSY grand unified theory~GUT! model naturally
incorporating the standard SUSY realization@18,19# of hy-
brid inflation @20#, which does not require tiny paramete
and is, undoubtedly, one of the most promising inflation
scenarios.~For extensions of standard SUSY hybrid inflatio
see Ref.@21#.! In global SUSY, the flatness of the inflation
ary path at tree level is guaranteed by a U~1! R symmetry.
The h problem@18# of sizable supergravity~SUGRA! con-
tributions to the inflaton mass on the inflationary path, wh
could easily invalidate inflation, is reduced, in this case,
controlling the magnitude of a single term in the Ka¨hler po-
tential @22# ~see also Ref.@23#!. Finally, radiative corrections
provide @19# a logarithmic slope along the classically fl
direction, needed for driving the inflaton towards the SU
vacua.

Them problem is solved by employing the mechanism
Ref. @2#. ~For an alternative solution of them problem, see
Ref. @14#.! The globalR symmetry of the model forbids th
appearance of am term in the superpotential. On the co
trary, it allows the existence of the trilinear termSh1h2 ,
whereS is the gauge singlet inflaton of the standard SU
hybrid inflation. After the GUT gauge symmetry breakin
the soft SUSY-breaking terms, which generally violate theR
symmetry, give rise to a suppressed linear term inS, and thus
this field acquires a VEV of the order of the electrowe
scale divided by a small coupling constant. The above tri
ear coupling can then yield am term of the right magnitude

The inflaton consists of two complex scalar fields w
tree-level couplings to the electroweak Higgs bosons
Higgsinos derived from the above trilinear term. After t
end of inflation, it oscillates about the SUSY vacuum a
eventually decays predominantly into electroweak Higgs
perfields via these tree-level couplings, thereby reheating
Universe. We find that, in the case of one fermion fam
both heavy RHN and SU(2)L triplet superfields are neces
sary if diagrams producing a nonzero lepton asymmetry
to exist. Since these heavy fields can only appear in inter
diate states of the inflaton decay, we must create the as
metry directly from this decay. Indeed, leptogenesis can
cur in the subdominant decay of the inflaton into lepton a
Higgs superfields through the interference between diffe
one-loop diagrams with RHN and SU(2)L triplet exchange,
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respectively. The lepton asymmetry is proportional to a no
CP-violating invariant product of coupling constants.

For nonzero asymmetry, we also need to include so
couplings in the superpotential that explicitly violate both t
U~1! R symmetry and itsZ2 matter parity subgroup, which
remains unbroken by the soft SUSY-breaking terms.
though these couplings involve superheavy fields, the ma
parity violation may have some observable consequence
low energy such as the possible instability of the light
SUSY particle ~LSP!. Indeed, if this particle contains
Higgsino component, it could decay predominantly into
pair of Higgs bosons and a lepton. This channel can, thou
be easily blocked kinematically if the LSP is not too hea
~see Sec. V!. On the contrary, someR-parity-violating slep-
ton decays that may be detectable in future colliders are t
cally present~see Sec. VII!.

We find that the value of the BAU from the Wilkinso
Microwave Anisotropy Probe~WMAP! data@6# can be eas-
ily achieved given constraints from other observables, no
bly the reheat temperature and neutrino masses and mix
and CP-violating phases of order unity. However, the co
straint fromn masses and mixing is considerably weaken
by the existence of two separate contributions, namely th
of the usual seesaw mechanism and from the Higgs SU(L
triplets ~see also Ref.@24#!. On the contrary, the requiremen
that the initial lepton asymmetry is protected from lepto
number-violating 2→2 scattering processes that are in eq
librium in the early Universe imposes very stringent co
straints on the parameters of the model, which we also t
into account in our analysis. The prediction for the spec
index of density perturbations is typical of SUSY hybrid i
flation models~see, e.g., Ref.@25#!.

Thus, an acceptable value of the BAU can be obtain
within a consistent model of cosmology and particle physi
without requiring additional fine-tuned coupling constan
and without necessarily putting strong constraints on obs
ables such as neutrino masses and mixing. Moreover,
though the scenario requires violation of theR symmetry, it
is not necessary to introduce superpotential terms that wo
lead to currently observableR-symmetry-violating effects.

In Sec. II, we introduce our model and describe some
its salient features. In Sec. III, we present theCP-violating
invariant products of coupling constants which enter into
primordial lepton asymmetry, while in Sec. IV we sketch t
calculation of the BAU. The effects ofR-symmetry violation
are discussed in Sec. V. The constraints from neutrino ma
and the preservation of the initial lepton asymmetry a
given in Sec. VI, and our numerical results in Sec. VII. F
nally, our conclusions are summarized in Sec. VIII.

II. THE MODEL

The model has gauge group SU(3)c3SU(2)L3U(1)Y
3U(1)B-L and a globalR symmetry U(1)R , which, though,
is explicitly broken by some terms in the superpotential~see
below!. In addition to the corresponding vector superfiel
and the usual MSSM chiral superfieldsh1 , h2 ~Higgs
SU(2)L doublets!, l i (SU(2)L doublet leptons!, ei

c (SU(2)L
singlet charged leptons!, qi (SU(2)L doublet quarks!, ui

c , di
c

2-2
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TABLE I. U~1! charges of superfields.

S f f̄ T T̄ h1 h2 l nc ec q uc dc

B-L 0 1 21 2 0 0 0 21 1 1 1/3 21/3 21/3
R 2 0 0 0 2 0 0 1 1 1 1 1 1
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(SU(2)L singlet quarks! with i 51,2,3 being the family in-
dex, we introduce chiral superfieldsn i

c ~RHNs!, S, f, f̄

singlets under the SM gauge group andT, T̄ in the adjoint
representation of SU(2)L with Y51, 21 respectively.~As
usual, we will use the same symbol to denote the superfi
and its scalar component, the distinction being clear in c
text.! The charges under U(1)B-L and U(1)R are given in
Table I.

The superpotential is

W5kS~ff̄2M2!1lS~h1h2!

1hei j~h1l i !ej
c1hui j~h2qi !uj

c1hdi j~h1qi !dj
c

1hn i j ~h2l i !n j
c1hTi j l ieTl j1hT̄h2eT̄h2

1~M nci j /M2!f̄2n i
cn j

c1~MT /M2!f̄2TT̄

1~l i /MS!f̄~h1h2!n i
c1~l i8/MS!f̄h1eTli1•••,

~1!

whereM is a mass parameter of the order of the GUT sca
MS is the string scale.531017 GeV, e is the 232 anti-
symmetric matrix withe1251, ~XY! indicates the SU(2)L

invariant producteabXaYb , and T[Tasa /A2, T̄[T̄asa /
A2 with sa (a51,2,3) being the Pauli matrices. The ellips
represents terms of order higher than four and summa
over indices is implied. The only U(1)R-violating terms that
we allow in the superpotential are the two explicitly di
played terms in the last line of the right-hand side~RHS! of
Eq. ~1!, which are necessary for leptogenesis. We can sh
that baryon number~B! is automatically conserved to all or
ders as a consequence of U(1)R . The argument follows Ref
@15# and is not affected by the presence of the abo
U(1)R-breaking superpotential terms. The lepton number~L!
is then also conserved as implied by the presence
U(1)B-L .

The inflationary trajectory is as described in Ref.@2#: for
k,l, it is parametrized byS, uSu.Sc5M , with all other
fields vanishing, and has a constant energy densityk2M4 at
tree level. Here, the dimensionless parametersk, l and the
massM are taken to be real and positive by redefining
phases of the superfields. There are radiative corrections@19#
that lift the flatness of this classically flat direction leading
slow-roll inflation until uSu reaches the instability point a
uSu5M as one can deduce from thee and h criteria @25#.
The quadrupole anisotropy of the CMBR and the numbe
e-foldings NQ. ln@1.8831011k1/3(M /GeV)2/3(Trh /GeV)1/3#
@25# of our present horizon scale during inflation are giv
by the Eqs.~2!–~4! of Ref. @26# with the two last terms in the
RHS of Eq. ~3! divided by two since the SU(2)R doublet
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chiral superfieldsl c, l̄ c of this reference are now replaced b
the SM singletsf, f̄ ~see also Ref.@27#!.

When the value ofuSu falls below M, a B-L-breaking
phase transition occurs provided thatk,l. The fields evolve
towards the realistic SUSY minimum at^S&50, ^f&5^f̄&
5M , ^h1&5^h2&50, where ^f&, ^f̄& are taken real and
positive by aB-L rotation~there is also an unrealistic SUS
minimum that is given below!. Actually, with the addition of
soft SUSY-breaking terms, the position of the vacuum sh
@2# to nonzero^S&.2m3/2/k, wherem3/2 is the gravitino
mass, and a small effectivem term with m.2lm3/2/k is
generated from the superpotential couplinglS(h1h2). Sub-
sequently, the inflaton degrees of freedomS and u

[(df1df̄)/A2 (df5f2M , df̄5f̄2M ) with mass
minf5A2kM oscillate about this minimum and decay
MSSM degrees of freedom reheating the Universe. The p
dominant decay channels ofS and u are to fermionic and
bosonic h1 , h2 , respectively, via tree-level couplings de
rived from the superpotential termslS(h1h2) and kSff̄.
Note that, ifk.l, the system would end up in the unreali
tic SUSY minimum atf5f̄50, uh1u5uh2u.(k/l)1/2M ,
which is degenerate with the realistic one~up tom3/2

4 ) and is

separated from it by a potential barrier of orderm3/2
2 M2.

The RHNs and the SU(2)L triplets acquire massesM nci j
and MT , respectively, after the spontaneous breaking
U(1)B-L by ^f&, ^f̄&. The terms that appear in the fourt
line of the RHS of Eq.~1! can also be written in the form
lnci j f̄

2n i
cn j

c/MS , lTf̄2TT̄/MS making it clear that the RHN
and SU(2)L triplet masses are suppressed by a factorM /MS
relative toM. It is possible to redefine superfields to obta
effective mass termsM n

i
cn i

cn i
c ~which are diagonal in the

flavor space! andMTTT̄ with M n
i
c andMT real and positive.

Similarly, after the U(1)B-L breaking, the explicitly dis-
played terms in the last line of the RHS of Eq.~1! that
violate U(1)R give rise to effectiveB-L- and matter-parity-
violating operatorsz i(h1h2)n i

c and z i8h1eTli , wherez i and
z i8 are suppressed by one power ofM /MS . If we require that
the magnitude of the dimensionless coupling constantsl i

and l i8 is less than unity, we obtain the bounduz i u, uz i8u
<M /MS . Note that althoughz i8 can be made real and pos
tive by redefining the phase ofl i , there is no phase freedom
left that can do the same forz i . This can be shown by
considering the rephasing invariantz i*

2m2M n
i
c ~no summa-

tion overi ) with m andM n
i
c already made real. The couplin

constantsz i thus remain in general complex. It is, of cours
possible to write down many otherR-symmetry-violating op-
erators. However, they are not necessary for a nonzero le
asymmetry to be created.
2-3
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After electroweak symmetry breaking, the tripletT also
acquires@4,14# a VEV ^T&52hT̄^h2&

2/MT . This is due to
the mass termMTTT̄ and the couplinghT̄h2eT̄h2 , wherehT̄

is made real and positive by a redefinition of the phase oT̄
and a compensating rephasing ofT and l i in order to retain
the positivity of MT and z i8 . Note that^h1&, ^h2& can be
taken real because of the reality ofBm.22lm3/2

2 /k @2#. So
^T& is also real.

Performing appropriate flavor rotations of thel i and ej
c ,

the Yukawa coupling constant matrixhei j can be diagonal-
ized with real and positive entrieshei in the diagonal. The
neutrino components (n i) of l i are then in the weak interac
tion basis.~The rephasing ofl i that was used to makez i8 real
and positive should actually be performed after these r
tions and should be accompanied by a compensating rep
ing of ei

c so thathei remains real and positive.! The coupling
of T to a pair of lepton SU(2)L doublets cannot be mad
diagonal since no further flavor rotations of thel i are al-
lowed. Moreover, if we define superfields such thatMT , z i8 ,
m, andhT̄ are real, then it is in general not possible to ma
the hTi j real since, onceS, f, f̄ acquire nonzero VEVs, we
have rephasing invariantsMThTi jhT̄

* m2z i8* z j8* ~no summa-
tion!. Finally, the Yukawa coupling constantshn i j also re-
main in general complex as one can easily deduce from
rephasing invariantshT̄

* 2
z i8*

2MT
2m2M n

j
c* hn i j

2 ~no summation

over indices!.
The calculation of lepton asymmetry produced inSandu

decays is quite straightforward but somewhat lengthy,
differs in detail from the usual case where leptogenesis
curs via the decay of RHN and/or SU(2)L triplet superfields.
Since we consider the interference of two one-loop diagra
we will need to calculate the real parts of loop integrals t
require renormalization.

III. CP-VIOLATING INVARIANTS

To produce a nonvanishing netB-L asymmetry from in-
flaton decay, the theory must contain one or more phys
CP-violating quantities. These are products of coupling co
stants, corresponding to operators noninvariant underCP
conjugation, which are nonreal and are not affected by
redefinition of fields by complex phases~or other global
symmetries!. In this case, we consider the terms ofW in Eq.
~1!. Since leptogenesis takes place at reheating, we wor
the vacuum wherêf&5^f̄&5M . For simplicity, we ignore
the couplings of the inflaton to RHNs and SU(2)L triplets
from the terms in the fourth line of the RHS of Eq.~1!
together with its couplings resulting from the two subsequ
terms. The inclusion of these couplings would only comp
cate the analysis without altering the character of our mec
nism. So these four superpotential terms are replaced
the effective mass termsM n

i
cn i

cn i
c , MTTT̄ and couplings

z i(h1h2)n i
c andz i8h1eTli . The condition ofCP invariance is

simply that it should be possible to make all products
coupling constants real by field redefinitions.

We consider here only rephasing invariants that, in c
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trast to the standard invariant used in Ref.@7#, would exist
even if there was a single fermion family. We find the fo
lowing independent invariants~no summation over repeate
indices!:

I 1i j 5MThn i j z j~M n
j
chT̄z i8!* ,

I 2i jk5MThn i j hnk j~M n
j
chTikhT̄!* , ~2!

whose imaginary parts violateCP invariance. Any combina-
tion of the two ~modulo real invariants! results in a third
invariant such asI 3i jk5z i8hnk j(z jhTik)* . In each case, the
expression involves both the SU(2)L triplet and RHN cou-
plings, thus the generation of aB-L asymmetry is indepen
dent of the sources ofCP violation considered in previous
scenarios and we require novel decay diagrams. The inv
antsI 1i j , I 2i jk , I 3i jk are the minimal ones in the sense th
they have the smallest possible number of trilinear super
tential couplings.

It is important to note that the invariantI 1i j can be split in
two parts,z i8* MThT̄

* andz jM n
j
c* hn i j , corresponding to effec-

tive operators that carry~opposite! nonzeroB-L charges and
involve only light fields since the heavy ones can
contracted. These light fields include bosonic or fermio
h1 , h2 and their conjugates. So,I 1i j is, in principle, suitable
for leptogenesis that requires the interference of t
B-L-violating diagrams. ~Recall that the inflaton field
couples at tree level to the electroweak Higgs superfieldsh1 ,
h2 and can decay only to light particles.! This is not the case
with the rephasing invariantI 2i jk since there are noh1’s
among the light fields of the corresponding~effective! opera-
tor. On the contrary, the invariantI 3i jk has all the above good
properties ofI 1i j , but one of the interfering amplitudes turn
out to be zero in this case. The reason is that it involve
real ~with vanishing absorptive part! on-mass-shell off-
diagonal self-energy betweenl andh1 which, in the on-shell
~OS! renormalization scheme, vanishes~see Sec. IV!. It is
clear that any invariant that can be useful for leptogene
must involveI 1i j and, thus, the effective coupling constan
z j , z i8 . So, the explicit violation of matter parity is essenti
for our scheme. This is another novel feature of this lepto
nesis scenario.

IV. BARYON ASYMMETRY

The CP-violating rephasing invariantI 1i j corresponds to
the product of coupling constants in the interference of
diagrams in Fig. 1~a! ~Fig. 2~a!! with the diagrams in Figs.
1~b! and 1~c! ~Figs. 2~b! and 2~c!! for the L-violating decay
of S(u). This interference contributes to theL asymmetry
due to a partial rate difference in the decaysS→ l̃ ih2 and

S* → l̃ i* h2* (u* → l i h̃2 andu→ l̄ i h̄̃2), where the bar and tilde
represent the antifermion and the SUSY partner, respectiv
Both the decaying inflaton (S or u), which we take at rest
and the decay products must be on mass shell. For simpli
2-4
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we consider that all the propagating and external MS
particles in the diagrams are massless. Also, we perform
calculation in the limit of exact SUSY.

In each case, the resulting contribution to theL asymme-
try is proportional to both ImI 1i j and the imaginary part o
the interference of the relevant ‘‘stripped’’ diagrams with t
dimensionless coupling constants and theMT , M n

j
c mass

insertions factored out~we keep, though, theminf factor ap-
pearing in the scalar couplingu* h1h2). The stripped dia-
grams in Figs. 1~a!, 1~b!, and 1~c! are denoted byFain

S ,
Fbi jn

S , andFci jn
S , respectively, withi and j being the family

indices andn51,2,3 the serial number of the diagram. Sim
larly, the stripped diagrams in Figs. 2~a!, 2~b!, and 2~c! are
Fai

u , Fbi j
u , andFci j

u . Thus, the total netL asymmetriese uS
and e uu generated perS and u decay respectively are give
by

FIG. 1. The nine one-loop diagrams for theL-violating decay

S→ l̃ ih2 . The solid~dashed! lines represent the fermionic~bosonic!
component of the indicated superfield. The arrows depict the ch
ity of the superfields and the crosses are mass insertions in fer
lines.
07501
he

e uS522
ulu2

G
Im I 1i j Im@Fain

S Fbi jn
S * 1Fain

S Fci jn
S * #,

e uu522
ulu2

G
Im I 1i j Im@Fai

u Fbi j
u * 1Fai

u Fci j
u * #, ~3!

whereG5ulu2minf/8p is the rate of the tree-level decaysS

→ h̄̃1h̄̃2 andu→h1h2 , and summation over the indicesi, j, n
and integration over the phase space of the final particle
implied.

We see that the one-loop diagrams for theL-violating de-
cay of the inflaton which contain SU(2)L triplet exchange
are exclusively of the vertex type~see Figs. 1~a! and 2~a!!.
On the contrary, the diagrams with a RHN exchange are b
of the vertex~Figs. 1~b! and 2~b!! and self-energy~Figs. 1~c!
and 2~c!! @28# type. Each of the three vertex diagrams in F
1~a! ~Fig. 1~b!! possesses a logarithmic ultraviolet~uv! di-
vergence. However, one can easily show that their s
equalsminf times the vertex diagram in Fig. 2~a! ~Fig. 2~b!!,
which is uv finite. Similarly, one can show that, althoug
each of the three self-energy diagrams in Fig. 1~c! has a
quadratic divergence, their sum equals the self-energy
gram in Fig. 2~c! multiplied by minf . However, the latter is
not uv finite. It rather possesses a logarithmic divergence
thus needs renormalization~see below!.

The above relations between the diagrams for
L-violating decays ofSandu imply thate uS5e uu[e. We can
thus concentrate on the calculation ofe uu which is simpler.
As already mentioned, the vertex diagrams in Figs. 2~a! and
2~b! are finite~both their real and imaginary parts! and thus
well defined and independent of the renormalization sche
used. However, the diagram in Fig. 2~c! involving a diver-
gent self-energy loop requires us to apply a renormaliza
condition. As shown in Ref.@11#, the appropriate renormal
ization scheme, in this case, is the on-shell~OS! scheme. In
a general theory with scalarsSi , the OS conditions on the

renormalized self-energiesP̂ i j (p2) are as follows:

ReP̂ i j ~m i
2!5ReP̂ i j ~m j

2!50 ~4!

for the off-diagonal self-energies (iÞ j ) and

FIG. 2. The three one-loop diagrams for theL-violating decay

u* → l i h̃2 . The notation is as in Fig. 1.
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lim
p2→m i

2

1

p22m i
2

ReP̂ i i ~p2!50 ~5!

for the diagonal ones~see, e.g., Ref.@29#!. Here we take a
basis where the renormalized mass matrix is diagonal w
eigenvaluesm i . The imaginary part of the self-energies
finite and thus not renormalized. In Fig. 2~c!, we have an
off-diagonal self-energy diagram between the scalarsu and
ñ j

c . Given thatu is on mass shell, the real part of this di
gram vanishes in the OS scheme. The imaginary part, h
ever, gives a finite contribution.

The lepton asymmetry per inflaton decay is calculated
making use of the software packages of Ref.@30# and is
found to be given by

e5eVV1eVS, ~6!

where

eVV5
3

128p4

Im I 1i j

minf
2

Im@ f ~yT! f ~yj !* # ~7!

is the contribution from the interference of the two vert
diagrams in Figs. 2~a! and 2~b!, and

eVS52
3

64p3

Im I 1i j

minf
2 2M n

j
c

2 Ref ~yT! ~8!

is the contribution from the interference of the vertex a
self-energy diagrams in Figs. 2~a! and 2~c! with f (y)
5p2/62Li2(11y1 i«) (Li 2 is the dilogarithm @31#!,
yT5minf

2 /MT
2 , yj5minf

2 /M n
j
c

2
and summation over the famil

indices i , j implied. It should be emphasized that E
~8! holds @11# provided that the decay width ofn j

c is
!uminf

2 2M n
j
c

2 u/minf , which is well satisfied in our model i

M n
j
c is not unnaturally close tominf .

The equilibrium conditions including nonperturbativ
electroweak reactions above the critical temperature of
electroweak phase transition yield a relation between
baryon number densitynB and theB-L number densitynB-L ,
which allows us to findnB in terms of thenB-L produced
from inflaton decay, assuming thatB-L is conserved at tem
peratures well belowMT and M n

i
c ~see Sec. VI!. In the

MSSM with soft SUSY-breaking terms, we havenB /s
5(28/79)nB-L /s @32#. If we imagine the inflaton to deca
instantaneously out of equilibrium creating initial lepto
number densitynL, init then

nB

s
52

28

79

nL, init

s
52

28

79
e

ninf

s
52

21

79
e

Trh

minf
~9!

using the standard relationninf /s[(nS1nu)/s53Trh/4minf
for the inflaton number density. Heres is the entropy density
The reheat temperature is given by
07501
th
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e
e

Trh5S 45

2p2g*
D 1/4

~GmP!1/2, ~10!

whereg* counts the relativistic degrees of freedom taki
account of the spin and statistics and is equal to 228.75
the MSSM spectrum.

V. EFFECTS OF R-SYMMETRY VIOLATION

One would expect the explicit violation of U(1)R in the
superpotential to have important consequences for phen
enology and cosmology. TheZ2 subgroup of U(1)R , which
is left unbroken by the soft SUSY-breaking terms, is call
matter parity since all the matter~quark and lepton! super-
fields change sign under it. Combined with theZ2 fermion
parity ~under which all fermions change sign!, this yieldsR
parity, which, if unbroken, guarantees the stability of t
LSP. In our model, however, matter parity is violated alo
with the U(1)R by the two explicitly displayed terms in th
last line of the RHS of Eq.~1!, which are needed for gene
ating an acceptable BAU. Thus,R parity is broken and, con-
sequently, the LSP generically becomes unstable and de
rapidly, rendering it unsuitable for the role of dark matter a
leading to distinctive collider signatures.

In our case, if the LSP contains a Higgsino componen
could decay into a pair of electroweak Higgs bosons an
lepton. The dominant diagrams are constructed from
U(1)R- and R-parity-violating Yukawa verticesz j (h1h2)n j

c

or z i8h1eTli with the fermionic n j
c or T connected to the

fermionic n j
c or T̄ of the Yukawa couplingshn i j (h2l i)n j

c or

hT̄h2eT̄h2 respectively via a mass insertion. For the nume
cal values of the parameters that we consider~see Secs. VI
and VII!, we find that the LSP lifetime can be as low a
about 1021 sec. However, it is easy to block kinematical
the LSP decay by taking its mass to be smaller than twice
mass of the lightest Higgs boson, which is very reasona
Thus, it is perfectly possible to reconsider the LSP as a d
matter candidate.

Our model could also predict the existence of oth
R-parity-violating processes at low energies besides the L
decay. TheR-parity-breaking superpotential couplings in
volve at least one superheavy field~a RHN or SU(2)L trip-
let!. On integrating out these heavy fields, one generally
tains effectiveR-parity-violating operators involving only
MSSM fields. These operators, if they have dimension fi
or higher, do not lead to detectable processes since they
suppressed by some powers ofMT or M n

i
c. However,

dimension-four operators such as the effective scalar vert
h1h2h2* l̃ i* or h1 l̃ i l̃ j* l̃ k* , which originate from the superpo
tential couplings z j (h1h2)n j

c , hn i j (h2l i)n j
c or z i8h1eTli ,

hT jkl jeTlk , respectively, can lead to low-energyR-parity-
violating processes, which may be detectable in future c
liders ~see Sec. VII!.

It is well known @33# that, in any leptogenesis scenar
with RHNs or SU(2)L triplets, it is important to ensure tha
the primordial lepton asymmetry is not erased by lepto
number-violating 2→2 scattering processes such asl i l̃ j
2-6
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→h2* h̄̃2 or l i h̃2→h2* l̃ j* at all temperatures betweenTrh and
about 100 GeV. In our model, due to the presence of
R-parity-violating superpotential couplings, there exist so

extra processes of this type such ash̃1 l̃ j→h2* h̄̃2 or h̃1h̃2

→h2* l̃ j* , which are derived from diagrams similar to th
ones mentioned above for the LSP decay. In addition to
these processes, which correspond to effective operato
dimension five~or higher!, we also have dimension-fou
R-parity- ~and lepton-number-! violating processes such a
h1h2→h2 l̃ i or h1 l̃ i→ l̃ j l̃ k , which are derived from the ef
fective four-scalar vertices in the preceding paragraph.

The initial lepton asymmetry is protected@32# by SUSY at
temperatures betweenTrh and about 107 GeV. For T
&107 GeV, one can show that all the lepton-numb
violating 2→2 scattering processes that result from effect
operators of dimension five or higher are well out of equil
rium for the values of the parameters used here. T
dimension-four lepton-number-violating processes, howe
are generally in equilibrium and, thus, special care is nee
in order to retain the initial lepton asymmetry in our mod
We will return to this issue in the next section.

As already explained, the classical flatness of the in
tionary path in the limit of global SUSY is ensured, in o
model, by a continuousR symmetry enforcing a linear de
pendence of the superpotential onS. This is retained@22#
even after SUGRA corrections, given a reasonable assu
tion about the Ka¨hler potential. The solution@2# to the m
problem is also reliant on theR symmetry. These aspects o
the model are not affected by the explicitR-symmetry break-
ing we consider.

In the model, someR-symmetry-violating couplings are
present in the superpotential and some not. Owing to
nonrenormalization property of SUSY, this situation is sta
under radiative corrections, but one may consider it unna
ral since there is no symmetry to forbid the terms we se
zero.

VI. NEUTRINO MASSES AND PRESERVATION
OF LEPTON ASYMMETRY

The two distinct sources of neutrino masses in the mo
yield the following mass matrix of light neutrinos:

mn i j 52^h2&
2F hTi j

hT̄MT

1hn ik

1

M n
k
c
hn jkG . ~11!

The terms in this expression are generally complex w
physical relative phases between the two contributio
Comparing this to the combination of parameters appea
in the lepton asymmetry per inflaton decay, we see that th
is no obvious correlation between the two. Hence, we h
here more freedom to choose values for the parameters
in the case of leptogenesis with a single source of neut
mass. However, this freedom is reduced by requiring that
lepton asymmetry is preserved until the electroweak ph
transition.
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As discussed in Sec. V, there exist unsuppres
dimension-fourR-parity- and lepton-number-violating 2→2
scattering processes that can erase the primordial le
asymmetry. They originate from the effective four-scalar o
erators h1h2h2* l̃ i* or h1 l̃ i l̃ j* l̃ k* with coupling constants
( jz jhn i j* or z i8hT jk* respectively. The former operator violate
in particular, thei lepton number (Li), i.e. the part of the
total lepton number that corresponds to thei th fermion fam-
ily. Therefore, in order to retain at least one part of the lep
asymmetry, we need to impose the condition that

(
j

z jhn i j* 50, ~12!

for some value ofi @34#. To generate anLi asymmetry, we
need to take a nonzeroz i8 , as is obvious from Eqs.~2! and

~6!–~8!. The operatorsh1 l̃ i l̃ j* l̃ k* with j ,kÞ i or j 5k5 i will
then violateLi , thereby leading to the erasure of the primo
dial Li asymmetry. To avoid this, we must takehT jk to van-
ish, unless exactly one of the indices is equal toi, i.e. we
allow only hTik5hTkiÞ0 for kÞ i . Moreover, if hTikÞ0,
then we requirez j850 for j Þ i to avoid generating the

Li-violating operatorh1 l̃ j l̃ i* l̃ k* .
We must further ensure that there are no processe

equilibrium that violateLi , while conservingL. Such pro-
cesses result from the four-scalar operatorsh2 l̃ kh2* l̃ i* (kÞ i )
that originate from the superpotential couplinghnk j(h2l k)n j

c .
Thus, we must take

(
j

hnk jhn i j* 50 ~13!

for the value ofi that satisfies Eq.~12! and for all values of
k that are different from thisi. Also, the operatorsh1 l̃ ih1* l̃ j*
with j Þ i , which originate from the superpotential couplin
z j8h1eTl j , violateLi , but notL. So, we must takez j850 for

j Þ i . Finally, the operatorsl j̃ l̃ k l̃ m* l̃ n* derived from the super-
potential termhT jkl jeTlk could violateLi . However, as ex-
plained above,hT jk should vanish unless exactly one index
equal toi. Thus, the remaining operators automatically co
serveLi . In summary, for an asymmetry to be generated
Li and not wiped out by scattering processes, we require
z i8Þ0 andz j850 for all j Þ i . Also, hT jk50 unless exactly
one of j or k is equal toi and Eqs.~12! and~13! should hold
for all kÞ i .

We take the neutrino mass orderingm1,m2,m3 and
adopt the normal hierarchical scheme of neutrino mas
where the solar and atmospheric neutrino mass2 differences
are identified withdm21

2 anddm31
2 respectively. Analysis@35#

of the CHOOZ experiment@36# shows that the mixing angle
u13 can be taken equal to zero. Moreover, the fact t
dm21

2 !dm31
2 implies that, when considering atmospher

neutrino oscillations, it is a good approximation to s
dm21

2 50. For simplicity, we further takea5b, wherea,b
2-7
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are the Majorana phases in the leptonic mixing matrix as
ciated with the two lighter neutrino mass eigenstatesn̂1 , n̂2 ,
respectively.

Under these circumstances, the weak interaction eig
staten1 decouples from the other twon2 , n3 in the neutrino
mass matrix. A simple choice of parameters which leads
this decoupling ishn1 j50 for j 52,3, hn i150 for i 52,3 and
hT115hT1 j5hT j150 for j 52,3. Equation~13! is then auto-
matically satisfied fork51 and i 52,3, which means tha
processes corresponding to the operatorsh2 l̃ 1h2* l̃ i* ( i 52,3)
that violateL1 , while conservingL, are avoided. If we fur-
ther take z1850, L1-violating and L-conserving processe

from the operatorsh1 l̃ 1h1* l̃ j* ( j 52,3) are also absent. More
over, our choice ofhT jk ensures that no such processes fr
operators of the typel̃ j l̃ k l̃ m* l̃ n* appear. Equation~12! with i
51 (i 52,3) receives contributions only from the term~s!
with j 51 ( j 52,3). Also,L- andL1-violating processes from
the operatorsh1 l̃ i l̃ j* l̃ k* do not exist for our choice of param
eters. Note that there are noL1-violating processes in equi
librium from the superpotential termsz i8h1eTli , hT jkl jeTlk .
The only possibleL1-violating processes come from the o
eratorh1h2h2* l̃ 1* , which is L2 and L3 conserving, though
The fact thatz1850 implies that no primordialL1 asymmetry
is generated, as one can see from Eqs.~2! and~6!–~8!. Also,
the L2 and L3 asymmetries cannot turn intoL1 asymmetry
by 2→2 scattering processes since, as explained, there
no such processes in equilibrium that simultaneously vio
L1 andL2 or L3 . All these facts allow us to ignore the firs
family and concentrate on the two heaviest families.

From the recent global analysis@37# of neutrino oscilla-
tion data, we take the best-fit value of the atmospheric n
trino mass2 difference, which, in the case of the normal h
erarchical scheme, yields the valuem3.5.131022 eV for
the heaviest neutrino mass. Also, the mixing angleu23 is
identified with its best-fit value, which is aboutp/4, andm2
is taken equal to zero consistently with the fact that we
considering only atmospheric neutrino oscillations. So,
neutrino mass matrix elements in Eq.~11! must satisfy the
following restrictions:

mn225mn335mn235
1

2
m3 . ~14!

~Note that, in the case of three neutrino flavors, our choice
parameters supplemented, for consistency, with a vanis
m1 yields the extra restrictionhn1150.) These equalities
need not be exact; however, we will take them as so
simplicity. We choose to maintain theL3 asymmetry, which
requires that Eq.~12! holds for i 53 and Eq.~13! for k52,
i 53. So, we obtain the following extra conditions:

hn32* 1Rhn33* 50,

hn22hn32* 1hn23hn33* 50, ~15!

whereR5z3 /z2 . Applying the results of the previous dis
cussion, we requirez38 to be nonzero andz2850 ~so noL2
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asymmetry is generated!; we have alsohT225hT3350, so the
only nonzero coupling constant of the typehT jk is hT23
5hT32. Given the value of the right-handed neutrino mass
MT andhT̄ , the five conditions in Eqs.~14! and~15! can be
solved using the mass formula in Eq.~11! to find a relation
between the complex Yukawa coupling constantshi j ( i , j
52,3) and the complex parametersR andhT23.

Note that the presence ofL- andB-L-violating 2→2 scat-
tering processes leads to a moderate modification of the
merical factors in Eq.~9!. However, this modification de
pends on details and we will thus ignore it.

VII. NUMERICAL RESULTS

We saturate the gravitino bound on the reheat tempera
by takingTrh51010 GeV, which is acceptable@10# provided
that the branching ratio of the gravitino decay to photons a
photinos is less than unity. We also fix the parameterk to the
value 1024. The cosmic microwave background explor
~COBE! value of the quadrupole anisotropy of the CMB
((dT/T)Q.6.631026) @38# is then reproduced forl.1.44
31024 (.k as it should! and M.3.5331015 GeV. Thus,
minf.4.9931011 GeV. The spectral index of density pertu
bations comes out practically equal to unity.

We now wish to demonstrate that our leptogenesis mec
nism can easily reproduce the best-fit value of the BA
nB /s.8.66310211, derived from the recent WMAP data@6#
with a natural choice of parameters. For simplicity, we a
proximate all the right-handed neutrino masses to the s
value M nc. ~Note that we do not make use of resonan
effects for degenerate heavy neutrinos, so this approxima
will not strongly influence our results.! Equation~15! implies
that hn3252R* hn33 and hn235Rhn22. ~Note thathn33Þ0
for a nonvanishingL3 asymmetry to be produced.! Substitut-
ing these in Eq.~14!, we then obtain

hn2256 i S m3M nc

2^h2&
2D 1/2

1

~11R2!1/2
, ~16!

hn3356 i S m3M nc

2^h2&
2D 1/2

1

~11R* 2!1/2
, ~17!

and

6
R2R*

~11R2!1/2~11R* 2!1/2
511

2hT23̂ h2&
2

hT̄m3MT

. ~18!

Note that the signs ofhn22 andhn33 can be chosen indepen
dently; however, the sign on the left-hand side~LHS! of Eq.
~18! is the product of the two.

The LHS of Eq.~18! is imaginary. Therefore, the real pa
of the RHS of this equation must vanish, which gives

RehT2352
hT̄m3MT

2^h2&
2

. ~19!

This implies that
2-8
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R2R*

~11R2!1/2~11R* 2!1/2
5 i

2 Im~hT23!^h2&
2

hT̄m3MT

[ i j, ~20!

which yields

j2uRu412@~11j2!cos 2w21#uRu21j250, ~21!

wherew is the phase of the complex parameterR. This equa-
tion admits real solutions for uRu2 provided that
21<cos 2w<(12j2)/(11j2). They turn out to be nonnega
tive and are given by

uRu25j22$@12~11j2!cos 2w#6~11j2!1/2

3@~11j2!cos22w22 cos 2w1~12j2!#1/2%.

~22!

From Eqs.~2! and ~6!–~9!, we see that, in our case, th
baryon asymmetry is proportional toz38hT̄uz2hn33Im Ru for
given M nc,MT>minf/2.2.531011 GeV. Using Eqs.~17!
and~20!, we can further show that this expression is prop
tional toz38hT̄uz2j1/2R1/2u(12cos 2w)1/4. As discussed in Sec
II, the parametersz38 , uz2u, anduz3u5uRuuz2u should not ex-
ceedM /MS.731023. To maximizenB /s, we saturate this
limit on z38 and onuz2u or uz3u for uRu<1 or uRu.1 respec-
tively.

In the former case, the baryon asymmetry, which
}hT̄uju1/2uRu1/2(12cos 2w)1/4, can be further maximized by
choosing the positive sign in the RHS of Eq.~22! and taking
cos 2w521. We then getuRu5(11j22)1/21uju21, which is
always.1. Our requirement thatuRu does not exceed unity
is fulfilled only asymptotically, i.e., foruju→`, where uRu
→1. The baryon asymmetry is then}hT̄uju1/2 and is maxi-
mized by maximizinghT̄ and uIm hT23u. It would thus be
desirable to set both these quantities equal to unity. The
rameterhT̄ can be readily fixed to unity and this improves t
naturalness of our scheme. However, ifuIm hT23u is too large,
some moderate cancellations between different contribut
to the neutrino mass matrix are required. So, we take va
of uIm hT23u that are smaller than unity, but greater than, s
1022 to be consistent with the requirement thatuju@1 for
MT not much bigger thanminf/2.

In the case whereuRu.1, we should saturate the limit o
uz3u rather than the limit onuz2u, which yields that the
baryon asymmetry is}hT̄uju1/2uRu21/2(12cos 2w)1/4. This is
maximized by choosing the negative sign in the RHS of E
~22! and taking again cos 2w521, which gives uRu
5(11j22)1/22uju21,1. So, marginal consistency i
achieved again foruju@1, whereuRu→1. The baryon asym-
metry is again}hT̄uju1/2 and is maximized by takinghT̄
5uIm hT23u51. As in the previous case, we takehT̄51 and
uIm hT23u;1022. The result is obviously the same in bo
cases to a good approximation. The phase ofz2 is appropri-
ately adjusted in each case so that we obtain the max
baryon asymmetry.

For eachM nc,MT>minf/2, we calculate the BAU using
Eqs. ~6!–~9! with Im hT2350.02 or 0.04 and values for th
other parameters as explained above. We then compare
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result with the best-fit value of the BAU from WMAP. Th
resulting solutions in theM nc-MT plane are shown in Fig. 3
with the solid or dashed lines corresponding to ImhT23
50.02 or 0.04 respectively. Note that there are two branc
in each case, one withM nc.minf and one withM nc,minf .
They correspond to the two possible signs of the denom
tor in the RHS of Eq.~8! for eVS. Actually, this quantity, as
it involves an s-channel exchange of anc boson, can be
easily enhanced by lettingminf approach thenc pole. This
fact allows us to achieve the WMAP value ofnB /s with
natural values of the parameters. It is important though
stress that there is no need to get too near thenc pole for
reasonable values ofMT . In fact, the solution is very far
from being unnaturally close to this pole.

As mentioned in Sec. V, the explicitR-parity violation in
our model, which is required for leptogenesis, has some l
energy signatures that come from dimension-four effect
scalar vertices and may be observable in the future collid
Such signatures may typically be the three-body slepton
cay processes

l̃ 2→h1h2h2* and l̃ 2→h1 l̃ 3 l̃ 3* , ~23!

which can easily be kinematically allowed.~Note that, for
our choice of parameters, similarl̃ 1 decay processes do no
appear, although they may be present in the general ca!
The effective coupling constants of the processes in Eq.~23!
are z2hn22* 1z3hn23* and z38hT23* respectively. Using the rela
tion hn235Rhn22 and substitutinghn22 from Eq.~16!, we can
easily show that the magnitude of the former coupling co
stant becomes.uz2uu2 ImhT23u1/2(M nc /MT)1/2 in the large
uju limit. For Im hT2350.02 and takingM nc.MT , which
holds near the right corner of the solid line in Fig. 3, we fi
that the magnitude of the effective coupling constants of
processes in Eq.~23! is about 1.431023 and 1.431024 re-

FIG. 3. The solutions ofnB /s58.66310211 in the M nc-MT

plane for ImhT2350.02 ~solid lines! or 0.04 ~dashed lines!. The
values of all the other parameters are given in the text.
2-9
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spectively. The corresponding decay rates are then of o
1028 GeV and 10210 GeV respectively for mass of the de
caying slepton;1 TeV and assuming that there is an app
ciable gap between this mass and the sum of the mass
the decay products.

It is finally interesting to point out that, as one can read
show, our scheme fails to provide any useful predictions
the so far undetermined or not so accurately determined
rameters in the neutrino mixing matrix, i.e., the threeCP-
violating phases and the mixing angleu13. The reason is tha
the number of parameters is such that successful leptoge
is possible whatever the values of the complex phases
u13.

VIII. CONCLUSIONS

We proposed a scenario of nonthermal leptogenesis
lowing supersymmetric hybrid inflation, in the case whe
the decay of the inflaton to both heavy right-handed neutr
and SU(2)L triplet superfields is kinematically blocked. Th
primordial lepton asymmetry is generated through the dir
decay of the inflaton into light particles. We implemented o
scenario in the context of a simple SUSY GUT model th
incorporates the standard version of SUSY hybrid inflati
Them problem is solved via a U~1! R symmetry that forbids
the existence of an explicitm term, while allows a trilinear
superpotential coupling of the gauge singlet inflaton to
electroweak Higgs superfields. After the spontaneous bre
ing of the GUT gauge symmetry, this singlet inflaton a
quires a suppressed VEV due to the soft SUSY-break
terms. Its trilinear coupling to the Higgs superfields th
yields am term of the right magnitude.

The main decay mode of the inflaton is to a pair of ele
troweak Higgs superfields via the same trilinear coupli
o
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a

-
e,

07501
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-
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nd
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o

ct
r
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.

e
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-
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The initial lepton asymmetry is created in the subdomin
decay of the inflaton to a lepton and an electroweak Hig
superfield via the interference of one-loop diagrams w
right-handed neutrino and SU(2)L triplet exchange respec
tively. The existence of these diagrams requires the prese
of some specific superpotential couplings that explicitly v
late the U~1! R symmetry andR parity. However, the broken
R parity need not have currently observable low-energy s
natures, although it may have signatures detectable in fu
colliders. Also, the LSP can be made stable and, thus, b
possible candidate for cold dark matter.

In our analysis, we took into account the constraints fro
neutrino masses and mixing. There exist, in our model, t
separate contributions to the neutrino mass matrix, wh
originate from the usual seesaw mechanism and from
SU(2)L triplet superfields. The constraints arising from ne
trino masses and mixing alone are not very stringent. Ho
ever, the requirement that the primordial lepton asymme
not be erased by lepton-number-violating processes be
the electroweak phase transition is a much more string
constraint on the parameters of the theory. Taking into
count these constraints we found that the best-fit value of
BAU from the recent WMAP data can be easily achiev
with natural values of parameters.
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