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Leptogenesis in a realistic supersymmetric model of inflation with a low reheat temperature
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We discuss leptogenesis in a realistic supersymmetric model of inflation with a low reheat temperature 1–10
GeV. The lepton asymmetry is generated by a decaying right-handed sneutrino, which is produced after
inflation during preheating. The inflationary model is based on a simple variant of the next-to-minimal super-
symmetric standard model~NMSSM! which solves them problem, calledfNMSSM, where the additional
singletf plays the role of the inflaton in hybrid~or inverted hybrid! type models. The model is invariant under
an approximate Peccei-Quinn symmetry which also solves the strongCP problem, and leads to an invisible
axion with interesting cosmological consequences. We show how the baryon number of the universe and the
nature of cold dark matter are determined by the same parameters controlling the strongCP problem, them
problem, and the neutrino masses and mixing angles.
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I. INTRODUCTION

Leptogenesis is an attractive mechanism which has b
proposed to generate the observed baryon asymmetry o
Universe~BAU! @1,2#. The mechanism involves the out-o
equilibrium decay1 of a heavy right-handed neutrinoNR ~or
sneutrinoÑR @3,4#!. The net lepton numberL produced in the
decay is then reprocessed into baryon numberB by anoma-
lous (B1L) violating sphaleron interactions, which othe
wise conserve (B2L) @6#. The same physics that allows th
right-handed neutrinos to decay into light leptons is also
sponsible for a seesaw neutrino mass matrix. Combining
seesaw mechanism with the latest experimental data on
trino masses@7# seems to favor a scale for the right-hand
neutrino massMR in the range 107–1014 GeV.

What mainly distinguishes the different scenarios of le
togenesis that can be found in the literature is the produc
mechanism for the heavyNR ~or ÑR). The lepton~baryon!
asymmetry has to be produced at some early stage in
cosmological evolution of the Universe at some point af
inflation ends and before the time of nucleosynthesis. I
sense, leptogenesis or baryogenesis is closely related t
inflationary dynamics and the post-inflationary reheating e
The right-handed sneutrino could be itself the inflaton@3#,
with L generated during the reheating period. If this is n
the case, and the reheating temperature (TRH) after inflation
is larger thanMR , the heavy~s!neutrinos can be thermall
produced after reheating and the final lepton asymmetry
depend on the out-of-equilibrium conditions at the time th
decay @1,2,8#. However, in supersymmetric models such
large TRH may be in conflict with the standard boundTRH
,109 GeV in order to avoid an overabundance of gravitin

1Models of leptogenesis based instead in the cosmological ev
tion of flat directions which carry lepton number can be found,
example, in Refs.@4,5#.
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@9#. On the other hand, ifTRH,MR the right-handed
~s!neutrinos would have to be produced2 by the out-of-
equilibrium inflaton decay, either in perturbative decays@12#
or by parametric resonance@13# during preheating. In this
way, the out-of-equilibrium condition for baryogenesis
leptogenesis is automatically satisfied. The other two
quirements, baryon number violation andC and CP viola-
tion, will be provided by the sphaleron interactions and co
plex phases in the neutrino Yukawa couplings, respectiv

In this paper we shall extend the model for inflation pr
posed in Ref.@14# in order to include neutrino masses an
implement leptogenesis. The inflation model is based on
next-to-minimal supersymmetric model and provides an
termediate scale solution to them problem, and the strong
CP problem via the Peccei-Quinn mechanism@14#. The su-
pergravity version of the model@15# solves theh problem
via the implementation of a no-scale mechanism. It provid
F term inflation from the moduli fields which are stabilize
before and after inflation and for which there is no mod
problem or gravitino problem. The inflationary model is
the hybrid type, characterized by a not too large scale for
vacuum energyV(0)1/4.108 GeV and a very low reheating
temperatureO(1 GeV!. It is interesting to study leptogenes
within models with such a low reheat temperature since
such models thermal production of Majorana neutrinos d
ing or after reheating is impossible, so the production mec
nism will rely on preheating the fields which occurs durin

u-
r

2Strictly speaking, the conditionTRH,MR does not rule out ther-
mal production of heavy neutrinos. In most inflationary models
heating is not instantaneous, and the maximum temperatureTmax

reached is usually much larger thanTRH @10#, and we could have
TRH,MR,Tmax. Like in grand unified theory~GUT! baryogenesis,
there could be models where the decay of the inflaton into he
neutrinos may be suppressed or forbidden, but still they could
thermally produced during the long period of reheating@11#.
©2001 The American Physical Society09-1
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the oscillatory period following the end of inflation. Th
model is particularly interesting since the oscillating inflat
fields at the end of inflation do not couple directly to t
sneutrinos, but only indirectly via a coupling to the Hig
doublets. Thus the production of sneutrinos during preh
ing is linked also to the production of Higgs scalars, a
since the Higgs scalars decay into both radiation and n
tralinos it becomes possible to relate the relic density of
lightest neutralinos to the baryon number of the Univer
Relativistic axions are also produced during reheating
these are redshifted away, although later on nonrelativi
axions are additionally produced by the usual misalignm
mechanism and will contribute to cold dark matter.

The main advantage of studying a realistic supersymm
ric particle physics model of inflation is that questions su
as the nature of cold dark matter and baryogenesis via
togenesis are related and determined by the same param
which control the particle physics questions of them prob-
lem, the strongCP problem, and neutrino masses althoug
as we shall see, there are many uncertainties at presen
many of our estimates will have errors of one or two ord
of magnitude.

The layout of the rest of the paper is as follows. In Sec
we summarize the main properties of the model, and in
duce the right-handed neutrinos with the usual superpote
suitable for neutrino physics and leptogenesis. An estima
of the lepton asymmetry produced is given in Sec. III. B
cause the right-handed neutrinos will decay in less tha
Hubble time, much before the inflaton has time to decay,
need to check how much of the asymmetry survive the
heating era. This is done in Sec. IV. In Sec. V we present
conclusions.

II. A MODEL FOR INFLATION AND LEPTOGENESIS

The model of inflation we have proposed is based on
superpotential@14#

W5lNH1H21kfN2, ~1!

whereH1 , H2 are the Higgs doublets andf, N are gauge
singlets. The superpotential is invariant under aU(1)PQ
Peccei-Quinn symmetry, which is broken during and af
inflation by the vacuum expectation values~VEVs! of f and
N. The vacuum energyV(0), needed during inflation, origi-
nates from anF term of the effective sugra theory@15#. The
Higgs doublets play no role during inflation,f is the infla-
ton, andN is the second singlet needed to end hybrid infl
tion. Imposing the slow-rolling and Cosmic Background E
plorer ~COBE! constraints for inflation gives the order o
magnitude results

k;10210, ^f&;^N&;1013GeV,

V~0!1/4;108 GeV, H~0!;O~MeV!, ~2!

with H(0) as the Hubble parameter during inflation. In ord
to have an effectivem term in the Higgs sector of the corre
order of magnitude, we requirel;k. The smallness of the
couplings is accounted for by the use of higher dimensio
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operators, so the superpotential in Eq.~1! should be viewed
as an effective superpotential which originates from so
intermediate scale solution to them problem, as discusse
elsewhere@14#. Because of the smallness of the~effective!
couplings, the fieldsf andN are very long-lived, decaying
mainly into axions with a decay rateGf;10217 GeV. Con-
sidering only the standard perturbative reheating period
lowing inflation, this will give rise to a reheating temperatu
of order a few GeVs, much below the electroweak scale

Right-handed majorana neutrinos are introduced in
model with the usual superpotential

W5MRi
NRi

NRi
1lLRi j

LiH2NRj
, ~3!

written in the eigenstate basis for theNRi
. The right-handed

neutrino masses and Yukawa couplingslLR has to be such
that they reproduced the observed properties of the light n
trino spectrum. The recent data from Super-Kamiokan
supports nm↔nt oscillations with sin2 2u23.0.88 and a
mass squared splittingDm23

2 .(1.525)31023 eV2. It also
favors the large mixing angle solution for solar neutrino m
ing, with sin2 2u12;0.75 and Dm12

2 ;2.531025 eV2, al-
though other solutions are not excluded. For numerical e
mations, and as a working example, we will use the result
a recent estimate of all quark and lepton masses and mi
angles based on a string-inspired Pati-Salam model@16#, al-
though we shall only be concerned with the leptonic part
this model. Because of the gauged SU(2)R symmetry the
model predicts three right-handed neutrinos, and the heav
one is the one associated with the third family with a mass
1014 GeV. Although this is the heaviest it nevertheless pla
the dominant role in generating the atmospheric masses
mixing angle, due to the Yukawa structure of the mod
leading to an automatic neutrino mass hierarchy accordin
the single right-handed neutrino dominance mechanism@17#,
and bimaximal mixing. In terms of the heaviest right-hand
scale of the orderMR3

.1014 GeV and the Wolfenstein ex

pansion parameterl.0.22, the right-handed neutrin
masses and couplings are given by

MRi
;1014~l9, l5, 1! GeV;~108, 1010, 1014! GeV, ~4!

lLR;S l8 l4 l2

l7 l4 l

l7 l4 1
D . ~5!

Note that the lightest right-handed neutrino of mass 108 GeV
is significantly lighter than 1014 GeV but does not give the
dominant contribution to physical neutrino masses due to
suppressed Yukawa couplings, although it is light enough
be produced through preheating.

Given that in the inflationary modelTRH!V(0)1/4,MRi
,

the NRi
(ÑRi

) fields cannot be produced thermally at a

stage, nor in the perturbative decay off andN fields. There-
fore, we depend upon preheating for that.

Because of the lack in the superpotential of a dir
Yukawa coupling between the singlets superfieldsf, N, and
NR , preheating of the right-handed neutrinos does not lo
9-2
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possible. The situation is different for the scalar compone
because of the couplinglLR with the Higgs doubletH2 and
the leptonsLi . This will induce a term in the scalar potenti
of the form

V5•••1ulLRuk j
2 uH2u2ÑRj

ÑRk
* 1•••. ~6!

Large oscillations in the Higgs fields will be induced throu
their coupling to the singlets in Eq.~1!, and in turn we expec
this to trigger the preheating of the sneutrinos. The lep
asymmetry will be generated by the decay of the sneutri
instead of that of the neutrinos. We notice also that the m
mum possibleT that we can reach during reheating is goi
to be smaller than theMRi

masses~at most Tmax;108

GeV;MR1
), so once produced, the sneutrinos will rema

out of equilibrium and will decay faster than the inflaton.

III. LEPTON AND BARYON ASYMMETRY

Preheating of right-handed sneutrinos provides the s
we need for leptogenesis, i.e., a nonzero number densit
the order

nÑRi
;ci

V~0!

MRi

, ~7!

whereci parametrizes the fraction of the total vacuum e
ergy which is transferred to the sneutrinos during preheat
Given the hierarchy in masses, it is not unreasonable to
sume c3!c2 , c1, whilst we will take c2;c1;c;O(1
20.1). CP violation in the decay ofÑRi

comes from the
interference between the tree level and one-loop amplitu
@2,8,18,19#. The CP asymmetries given by the interferenc
with the one-loop vertex amplitude are@2,8#

e i5
G~ÑRi

→ l̃ 1H2!2G~ÑRi

† → l̃ †1H2
†!

G~ÑRi
→ l̃ 1H2!1G~ÑRi

† → l̃ †1H2
†!

5
1

8p~lLR
† lLR!11

(
j

~ Im@~lLR
† lLR!1 j #

2! f ~MRj

2 /MRi

2 !,

~8!

where

f ~x!5AxF12~11x!logS 11x

x D G . ~9!

The interference with the absorptive part of the one-lo
self-energy also gives a contribution to the asymme
which in general is the same order as those given ab
unless the~s!neutrinos were almost degenerate, in whi
case it could be much larger@18,19#.

As an example in order to estimate the values ofe i , we
will consider the model given in Eqs.~4! and~5!. Assuming
maximalCP violation (Im@•••#2;u•••u2), we can see tha
the asymmetries will be dominated by the larger couplings
the third generation of leptons, with
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e1;
ulLRu33

2

8p

MR1

MR3

;
l9

8p
;102721028, ~10!

e2;
ulLRu33

2

8p

MR2

MR3

;
l4

8p
;102421025, ~11!

e3;
ulLRu32

2

8p

MR2

MR3

;
l13

8p
;10210210211.

~12!

We remark again that these are only order of magnitu
estimations, with large uncertainties in their values. In ad
tion, the values ofe i are model dependent. Other textu
models with values of the Yukawas conistent with the e
perimental data on neutrinos, and similar hierarchy amo
the right-handed neutrino masses, could give rise to a la
asymmetry such ase1;1026 @20#.

The decay of the sneutrinos occurs fast enough to neg
any effect due to the expansion of the Universe, and
lepton asymmetry is then given by

nB2L.e inÑRi
'e ici

V~0!

MRi

. ~13!

The decay of the heaviest right-handed sneutrino~if pro-
duced! will give rise to a negligible lepton asymmetry, whils
that generated in the decay ofÑR1

and ÑR2
are comparable

becausee1 /MR1
;e2 /MR2

;1/MR3
. This is then converted

into a baryon number byB1L violating sphalerons interac
tions ~which are in equilibrium for temperatures in the inte
val ;@200,1012# GeV @21#!,

nB52
8

23
nB2L , ~14!

and finally at the time of nucleosynthesis we will have

nB

s U
nucl.

'
8

23
ge i

@cV~0!#1/4

MRi

;
g

23p
ulLRu33

2 @cV~0!#1/4

MR3

,

~15!

where we have useds5(2p2/45)g* T3 evaluated at the time
the leptons are produced, i.e.,T.0.3@cV(0)#1/4, with the
effective number of relativistic degrees of freedomg*
;100. The factorg accounts for the dilution due to possib
entropy production during reheating. Substituting the valu
of V(0) and MR3

of Eqs. ~2! and ~4! with lLR33
.1, we

obtain

nB

s U
nucl.

;c1/431028g. ~16!

In order to explain the observed baryon asymmetrynB /s
;10210 @22# we cannot allow much entropy~radiation! pro-
duction during the reheating era. In the next section, we w
try to estimate the factorg based on simple assumptions.
9-3
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IV. PREHEATING AND REHEATING

During the oscillations of the background fieldsf andN,
particles can be produced by parametric resonance~preheat-
ing! @23–25# much before the inflaton has time to dec
perturbatively, being in general a more efficient mechan
of particle production than standard perturbative decay.

Even if the couplings are very small, the amplitude of t
oscillations is large enough to preheat the modes of the
lar fieldsf andN. In addition, the value of Hubble paramet
is small in the model, which allows for a large number
oscillations in a Hubble time, before they start to feel t
effect of the expansion. Because hybrid inflation ends i
phase transition, with the effective squared mass of thN
field changing sign, production off and N quanta is very
efficient during the first few oscillations of the backgrou
fields @26#. Due to the couplingl between the Higgs fields
and theN field, we also expect to preheat the Higgs fieldsHi
in a similar way. The evolution equations for the Hig
quantum fluctuations are indeed analogous to those of
singlets, and we can assume similar number densities
both. The sneutrino fieldsÑRi

are therefore preheate
through the Higgs, with the lightest one more likely to
produced, and they will be clearly out of equilibrium. W
may also preheat axions, fermions, etc., but with mu
smaller number densities.3

Preheating is efficient only in producing very low fre
quency modes. Nevertheless, rescattering effects will al
to excite higher frequency modes and redistribute the ene
density. Based on the results for the singlets@26#, we may
estimate that after just 3 to 4 oscillations a fraction of t
vacuum energy has been transferred to the singlets and
other fields, quanta, with more or less equal energy densi
The typical time scale for this to happen is given by

Dtpreh.
2pDNosc

Mf
;1022 GeV21, ~17!

whereDNosc counts the number of oscillations, andMf is
the mass of the fieldsf andN in the global minimum~and
therefore the typical frequency of their oscillations!:

Mf5k^N&5O~1 TeV!. ~18!

The decay rates of the fields involved,ÑR1,2
, Hi , and

singletsf andN, can be estimated as

G ÑR1
.

ulLRu11
2

8p
MR1

'O~0.01! GeV, ~19!

G ÑR2
.

ulLRu22
2

8p
MR2

'O~104! GeV, ~20!

3Because of the smallness of the couplings, nonthermal pro
tion of gravitinos@27# is not a problem@28#.
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g2

8p
MH'O~10! GeV, ~21!

Gf.
k2

8p
Mf'O~10217! GeV, ~22!

whereg is the electroweak coupling constant, and the m
of the Higgs fields areMHi

.O(100 GeV21 TeV!. The

sneutrinosÑR2
will tend to decay immediately after they ar

produced,G ÑR2

21
!Dtpreh , and its decay products quickl

thermalize by scattering from each other@29#, given that,

Dnlssc.H ~23!

where Dnl is the number density of the light degrees
freedomDnl.nÑ2

, ssc}MR2

22, andH is the Hubble param-

eter of the orderO(MeV). No back reaction is expecte
from them, except that part of the vacuum energy is c
verted into radiation with a temperatureT0.0.3c2

1/4V(0)1/4.

The fieldsHi and ÑR1
do not decay beforeDtpreh . There-

fore, back reaction effects due not only to the singlets
also to the Higgs fields~and eventuallyÑR1

) will soon slow
down and suppress the rate of the production of partic
during preheating in less than a Hubble timeH21. At this
point we can consider that the Universe has been reheate
to a temperatureT0;O(108 GeV!, but with a nonnegligible
fraction of the energy still in the form of cold oscillation
and singlets, Higgs andÑR1

. The right-handed sneutrino

ÑR1
also decay out-of-equilibrium in a timedt.G ÑR1

21

!H21, transferring its energy to the thermal bath. On t
other hand, the decay rate of the Higgs fields will now
suppressed by the factorMH /T0, rendering it quite ineffi-
cient. Therefore, after preheating becomes inefficient, b
reaction and rescattering effects take place, and bothÑR2

and

ÑR1
decay, we are left with the vacuum energy distribut

among the singlets, Higgs fields, and radiation.
Preheating can become very inefficient, but will not ne

cessarily stop as long asf andN continue to oscillate~that
is, there is some energy density left in these fields!, and
production of Higgs fields from the singlets might contin
in a very narrow resonance regime@23# at the same time than
standard reheating. On the other hand, we do not expect
effect to be enough to further induce the production of
much heavier right-handed sneutrinos. The preheating o
heating era will end when the singlets finally decay, at a ti
t.Gf

21 .
If the masses of the singlets are smaller than the ligh

Higgs boson mass, the fieldsf andN decay predominantly
into axions, with the branching ratio into other particles b
ing much smaller. The axions behave as relativistic partic
but they do not thermalize@30#, that is, their interaction rate
always remains smaller than the Hubble expansion par
eter. The axion interaction rateGAI is given by

c-
9-4
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GAI5^sauvu&nR ~24!

wherenR is the radiation number densitynR.T3/p2, andsa
is the axion cross section for scattering off the therma
radiation. On dimensional grounds, the cross section ca
written as4 sa5aa / f a

2 , f a being the axion decay consta
101221013 GeV.

Let us definet0 as the initial time after the initial burst o
radiation produced by the sneutrinos decay. At this time,
Universe is at a temperatureT0;O(108 GeV! but still H
;V(0)1/2/A3M P . The ratioGAI /H is then

GAI

H U
t0

.
aa

f a
2

T0
3

p2

A3M P

V~0!1/2
.10aac3/4S 1012GeV

f a
D 2

,1.

~25!

After the Universe becomes radiation dominated at a te
peratureTRD we will have instead

GAI

H U
t0

.
aa

f a
2

1

p2 S 90

p2gT
D 1/2

TMP

,1025aaS 1012GeV

f a
D 2

TRD

,1, ~26!

where we have usedH.(p2gT/90)T2/M P , and gT is the
effective number of relativistic degrees of freedom atT. The
last inequality in Eq.~26! follows because the factoraa be-
comesO(1) only whenT;O(1 GeV!. If radiation is being
produced while the Universe is matter dominated, the nu
ber density and Hubble parameter evolve asnR}a21/2 and
H}a23/2, with a the scale factor, so the ratioGAI /H in-
creases in time. In a radiation dominated Universe they
both scale asa21/2. In either case, Eqs.~25! and~26! ensure
that the axions never come into equilibrium. This means t
we do not expect radiation to be produced from the sing
~inflaton!, contrary to most models of inflation. Any extr
radiation will come eventually from the Higgs bosons dec

Let us now briefly summarize the above discussion.
have argued that right-handed sneutrinos are produced
ing the initial period of preheating, but they decay rapid
into leptons and Higgs bosons. We are now interested in
evolution of the Universe from this time until the time o
reheatingtRH , defined as the time at which the singlets co
pletely decay.5 In this interval there is an interplay betwee

4The couplingaa is either due to tree level interactions, and the
fore further suppressed by a factorT22 when the temperature i
larger than the typical mass scale of the particle exchanged, or
to loops effects, which are suppressed by a factor 1/(8p2)2. There-
fore, until the temperature drops nearO(1 GeV! we have aa

;1024.
5In general, the reheating time will coincide with the time

which the Universe becomes radiation dominatedtRD . However in
the present context this may not be the case, see below.
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the energy density of the oscillating inflaton fieldsrf , the
number density of Higgs fieldsnH , the energy of the axion
fields raxion , and the energy density in radiationrR . We
shall model this as follows.rf will be steadily reduced due
to continual production of axions~through the standard per
turbative rateGfa) and Higgs fields~through inefficient pre-
heating!. The axions behave as relativistic matter, but th
stay out of equilibrium. Higgs fields are created and ann
late into radiation with a thermal-averaged crossed sec
^sHuvu& and decay ratêGH&. Therefore, the radiation den
sity rR receive contributions from the Higgs fields but n
from the singlets. On the other hand, among the decay p
ucts of the Higgs fields we will find also neutralinos, th
lightest of them being a candidate for cold dark matter. T
standard calculation of their relic abundance@31# depends
mostly on their freezeout temperature, the temperature
which they decouple from the plasma, and it is usually
sumed that this happens while the Universe is radiat
dominated. That is the case when the reheating tempera
is much larger than the typical mass scale of the particle,
is, reheating ended much before they freezeout. Howeve
shown in Ref.@32#, the situation changes in a scenario with
low reheating temperature, such that freezeout takes p
when the Universe is still matter dominated. In fact it
shown that, for aB-ino like lightest neutralino, the cosmo
logical constraints on theB-ino mass and/or the right-hande
slepton mass are relaxed and even disappear once a rehe
temperature below theB-ino mass is allowed. In our type o
scenario, moreover, the Higgs fields will be kept for a wh
out-of-equilibrium, due to preheating, and therefore neutr
nos will be produced also out-of-equilibrium, initially mos
likely in a matter dominated universe. If they do not re-en
equilibrium before reheating is complete, their relic abu
dance may be different than that obtained in other scena

Under the above assumptions, the evolution of the ene
densities~singlets, axions, and radiation! and number densi-
ties ~Higgs fields and neutralinos! during reheating can be
described by a simple set of equations@10,11,32#:

ṙf523Hrf2Gfarf2Gprehrf , ~27!

ṙaxion524Hraxion1Gfarf , ~28!

ṅH523HnH2~12Bx!^GH&~nH2nH
eq!

2Bx^GH&S nH2
nx

2

nx
eq2 nH

eqD
2^sHuvu&~nH

2 2nH
eq2

!1Gpreh

rf

MH
, ~29!

ṅx523Hnx1Bx^GH&S nH2
nx

2

nx
eq2 nH

eqD
2^sxuvu&~nx

22nx
eq2

!, ~30!

-

ue
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ṙR524HrR1~12Bx!^GH&^EH&~nH2nH
eq!

12^sHuvu&^EH&~nH
2 2nH

eq2
!12^sxuvu&

3^Ex&~nx
22nx

eq2
!, ~31!

whereGpreh models the rate of production of Higgs field
through ‘‘inefficient’’ preheating,̂ EH& and^Ex& are the av-
erage energy per Higgs field and neutralino, respectiv
with

^Ei&.Ami
21T2, i 5H,x, ~32!

and in the numerical calculations we have set the ma
mH5mf510mx51 TeV, and

^GH&.aHmH@12exp~2mH /T!#, ~33!

^s i uvu&.
a i

2

T2
@12exp~2T2/mi

2!#, ~34!

with aH5ax51023. The preheating period would set th
initial conditions to solve these equations, and att050 we
will take

rf.rR.^EH&nH.
V~0!

3
. ~35!

When reheating ends att5tRH , the temperature of the Uni
verse will beTRH}AGfM P, whereM P is the reduced Planck
mass andGf5Gfa1Gpreh the total decay rate of the sin
glets.

To start with, the Higgs fields will soon approach equili
rium due to scattering process, with^sHuvu&nH

eq.H(t0). If
Gpreh!Gf , no appreciable amount of Higgs fields/radiati
is further produced and the Higgs fields will later decay
equilibrium. This means thatrR will be redshifted asa24,
faster than the axions which are produced in singlets de
raxion}a23/2, and when reheating ends we will have
axion-dominated universe. Given that the entropy would
conserved, and thatraxion(tRH).rf(tRH), one can estimate
the final ratio of the energy density of axions to radiation

raxion~TRH!

rR~TRH!
.

rf~ t0!

rR~ t0! S T0

TRH
D'108. ~36!

The relativistic axions will behave as an extra generation
neutrinos at the time of nucleosynthesis, with the numbe
extra generations constraint bydNn<1.8 @22#. This trans-
lates into a bound for the energy density of axions relative
that in radiation:

7

8

raxion

rR
U

nucl.

<1.8. ~37!

Comparing this bound with Eq.~36!, it is clear that we need
the Higgs fields out of equilibrium and start decaying in
radiation at some timet1 much before reheating is complet
This will be achieved takingGpreh.Gfa . This also means
12350
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that allowing the standard perturbative decay of the sing
into Higgs fields does not solve the problem of axion dom
nance, since one expects the respective branching ratios
axions and Higgs fields to be at most of the same order.
need some extra effect apart from perturbative decay. H
ever, if we takeGpreh as a constant parameter, and larg
than Gfa , we are forcing the singlets to decay complete
through preheating, which in a realistic scenario is unlike
to happen. It is more reasonable to consider this paramet
a decreasing function of time: as the energy density of
oscillating singlets decreases, the rate of production thro
preheating will also diminish. We will consider a simple a
satz whereGpreh follows an exponential law,

Gpreh~ t !5Gpreh~ t0!e2bt, ~38!

with b a constant such thatb,Gpreh(t0)21. We can imagine
this like Gpreh(t) being switched on for a while, until the
energy densityrf diminishes enough to make the paramet
resonance completely negligible att.b21, whenGpreh(t) is
switched off.

The situation now is as follows: the Higgs fields sta
decaying at a timet1,tRH , which can be estimated as

t1
21;H~ t1!;

rf~ t1!

nH~ t1!

Gpreh~ t0!

MH
;

T0

MH
Gpreh~ t0!, ~39!

and given that until this time the entropy is constant, andT
}a21, we have

T1'S 0.1
M P

MH
D 2/3

T0
1/3Gpreh

2/3 ;~1020Gpreh!
2/3GeV. ~40!

Higgs fields/radiation production stops att2.Gpreh(t0)21.
Inmediately after, the Higgs bosons decay. Therefore,
tropy is only released betweenT1 andT2, and in that interval
the ratioraxion /rR is frozen. Aftert2 we are left still with

FIG. 1. Evolution of the energy densities of the singlets (f, N),
axions, Higgs fields, radiation~dashed line! and neutralinos~long-
dashed line!, when Gpreh(t0)510212 GeV, and b5105Gf . We
have takenBx50.5. We have also included the factorg215Sf /Si

~dotted line!.
9-6
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the singlets producing more axions, so the ratio of axion
radiation again increases untiltRH is frozen again.

This can be seen in Fig. 1, where we have plotted
evolution of the energy densities for the caseGpreh(t0)
510212.Gf andb5105Gf as an example. The time scale
given in units ofGf . The singlets start decaying throug
Gpreh at t.t1, but still we have assumed that they initial
dominated the energy density of the Universe. The Hig
fields initially are in equilibrium, but due to the contributio
from Gpreh they start to decay into radiation and neutralino
At this point the ratioSf /Si starts to increase as can be se
in the figure. Entropy production stops att2, when the sin-
glets energy density is partially depleted due toGpreh . The
Universe becomes radiation dominated at a temperatureT2
.TRD.103 GeV; this is larger than the lower reheating tem
perature we would expect only fromGfa . Soon after, inef-
ficient preheating is swichted off and the Higgs bosons
cay. Until Gft.O(1) we still produced more axions from
the remaining singlets. The final ratio of the axions to rad
tion is raxion /rR;1023, which is consistent with nucleosyn
thesis. The neutralinos follow the same evolution than
Higgs fields as far as both are relativistic. Once the Hig
bosons decay, they go into equilibrium and when they
come nonrelativistic the rationx /s freezes out. AtTRH we
have (nx /s)uRH.4310211, which would imply a relic abun-
dance of neutralinos of order one today; they would do
nate the dark matter in the Universe. We notice that in t
example the neutralinos enter into equilibrium and freeze
in a radiation dominated universe, so the calculation of th
relic abundance would not differ from the standard one, a
the usual bounds would apply.

In the above example, the Universe becomes radia
dominated at a temperatureT2,T1. However, from Eq.~40!
we see that had we takenGpreh(t0)>1028, thenT1;T0, and
the Universe would be radiation dominated indeed during
whole period of what we call reheating, that is to say, un
the singlets completely disappear.

With this in mind, we now turn to the calculation of th
entropy dilution factorg:

g215
S~T2!

S~T1!
5S T2

T1
D 3S a~ t2!

a~ t1! D
3

, ~41!

which will depend on the initial value ofGpreh(t0), but not
on its time dependence. IfGpreh(t0)<1028, then the value of
T2 is given by the conditionrf(t2).rR(t2), and we obtain,

g21'0.4S T2

T1
D 3rf~ t1!

rR~ t2!
'

T0

AGpreh(t0)M P

<108. ~42!

The smaller the value ofGpreh(t0), the larger the dilution
becomes. On the other hand, for large values ofGpreh(t0),
entropy production takes place when the Universe is alre
radiation dominated, the radiation energy density scale
}a21, and the timet2 is given by the conditionrf(t2)
'rH(t2) instead. In this case,g tends to a constant value
given by
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g215S a~ t2!

a~ t0! D
3

.S rf~ t0!

rH~ t0! D
3/2

'1043S rf~ t0!

rR~ t0! D
3/2

. ~43!

Due to entropy production, the final ratio of axions
radiation given in Eq.~36! is also diluted, such that

raxion~TRH!

rR~TRH!
.g

rf~ t0!

rR~ t0! S T0

TRH
D3expH 2FFGpreh~ t0!

b G J .

~44!

The last factor in the above equation is due to the par
depletion in the energy density of the singlets around
time t.Gpreh(t0)21, with

F@x#5x@12exp~1/x!#. ~45!

To summarize, in order to avoid axion dominance at
end of the reheating period, we have allowed the singlet
decay into Higgs fields through inefficient preheating, whi
will decay into radiation. The effect on the final ratio o
axions to radiation is twofold: on one hand it reduces
ratio because part of the singlets have been converted
Higgs fields instead of axions; on the other hand, the fi
ratio also gets diluted by a factorg due to entropy produc-
tion. However, the same factorg will dilute the initial lepton
assymmetry produced in the~s!-neutrinos decays, which wa
our main concern. The lower dilution factor is obtained wh
what we have called reheating starts directly with a radiat
dominated universe instead of the usual matter-infla
dominated universe. Based on the simplest assumptions
have obtained an upper bound ong,

g;10243
rR~ t0!

rf~ t0!
, ~46!

which means that the baryon asymmetry at the end of reh
ing will be at most

nB

s
;1021262, ~47!

a couple of orders of magnitude below the observatio
data. Given that we have only considered a kind of t
model to study reheating and the uncertainties in it, we
gard this result as quite promising. In particular, we rem
again that the value ofGpreh is an unknown in the model
controlled by the physics of preheating. Moreover, we ha
takenrR(t0).rf(t0), but it may happen that we could pro
duce more radiation than expected before reheating st
Finally, we have considered a particular model for neutrin
masses as a working example, such that the values of
Yukawa couplings generate an asymmetry of the ordere1
;1028. Other texture models with values of the Yukaw
consistent with the experimental data on neutrinos, and s
lar hierarchy among the right-handed neutrinos, could g
rise to a larger asymmetry such ase1;1026 @20#, which
would give then the correct order of magnitude for t
baryon asymmetry. In any case, the less dilution we
have, the better, and this translates into the Universe bec
ing radiation dominated as soon as possible. In general,
9-7
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means that neutralino freezeout will take place in a radia
dominated universe, and the standard bound on their r
abundance will apply.

Finally, we mention that we could also avoid axion dom
nance, allowing the singlets to decay into other light degr
of freedom apart from axions. However, if the singlets dec
into radiation this will imply a too large dilution factor, with
@10#

g;s0

AGfM P

rf~0!
;1028, ~48!

where the entropy density iss0;T0
3, and the energy densit

in singletsrf are taken as the initial values att0.

V. CONCLUSION

In this paper we have discussed a realistic supersymm
model of inflation @14# which couples the inflaton to th
Higgs field, and when enlarged to include right-handed n
trinos, allows leptogenesis as the mechanism to generat
observed baryon asymmetry of the Universe. From the p
ticle physics point of view, the model is an extension of t
next-to-minimal supersymmetric model and solves them
problem via an intermediate scale which generates the
for the singlets. The interaction between the singlets
matter fields are dictated by an approximateU(1) Peccei-
Quinn symmetry, providing also a solution for the strongCP
problem, and the axions as a candidate for dark matter. A
hybrid inflationary model, it has a quite low scale for infl
tion O(108 GeV!, and it predicts a spectral indexn51 con-
sistent with the recent Boomerang and Maxima-1 data@33#,
and in principle a very low reheating temperature of the
der of a few GeV, barring the possibility of both GUT an
electroweak baryogenesis. Therefore we have extended
model to include right handed neutrinos, and have appe
to preheating to produce the lightest right handed sneut
so that baryogenesis may proceed via leptogenesis.

Extending the model to include heavy right-handed n
trinos is one of the preferred solutions not only for the sa
of leptogenesis, but in order to generate a light neutrino m
spectrum through the seesaw mechanism, given the st
evidence from experiments in support of such light mas
and mixings. In this paper we have used as an examp
realistic model of all quark and lepton masses and mix
angles@16# based on single right-handed neutrino dominan
@17#. We have chosen this particular example because it
dicts not only a hierarchical spectrum for the light neutrin
but also for the heavy right-handed neutrinos/sneutrino a
in particular, involves a relatively light right-handed sta
which is available for preheating, although we emphas
that this spectrum came out of an analysis of neutrino ma
and mixing angles which was not performed with leptoge
esis in mind. The right-handed neutrinos and sneutrinos
too heavy to be produced thermally at any stage in our in
tionary model. However, we have argued that at least
lightest right-handed sneutrino can be produced thro
parametric resonance during preheating, due to its coupl
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to the Higgs doublets. ItsCP-violating decay gives rise to a
lepton asymmetry, later converted by sphalerons into bar
number. Note that the right-handed sneutrinos do not cou
directly to the oscillating inflaton fields, but rather indirect
via the Higgs doublets. Thus Higgs scalars are also expe
to be produced during reheating, and since these decay
radiation and neutralinos we may estimate the amoun
neutralinos and entropy that is produced during preheatin
shown in Fig. 1. Note that relativistic axions are also p
duced during reheating but these are redshifted away,
though later on nonrelativistic axions are additionally pr
duced by the usual misalignment mechanism and these
contribute to cold dark matter.

Because the heavy sneutrinos decay long before rehea
is completed, the lepton asymmetry will be subsequently
luted by the entropy produced in the decays of singlets
Higgs fields, before the time of nucleosynthesis. In order
avoid too much dilution, we first required the singlets
decay only into axions, which do not thermalize and do n
contribute to the radiation energy. The radiation energy d
sity has its origin in the out-of-equilibrium decay of Higg
bosons and sneutrinos, which have been previously produ
during preheating. If no more radiation is produced, by
time the singlets completely decay the Universe becom
axion-dominated, violating by many orders of the magnitu
the bound on the number of extra relativistic neutrinoli
species at nucleosynthesis. We argue then that ineffic
preheating of the Higgs fields is required in order to allo
their out-of-equilibrium decay and some extra production
radiation. Because of the long lifetime of the singlets, it
possible that, while they are oscillating, they could preh
other fields at a rate similar or even larger than the pertur
tive decay rate. To illustrate this point we have presente
simplified analysis of the reheating period, parametrizing
efficient preheating by a rateGpreh , in order to compare it
with the perturbative decay rateGf , and it is the result of
this simplified analysis which is presented in Fig. 1. T
main qualitative conclusion is that in order to avoid axi
dominance we would requireGpreh.Gf . Therefore, the
main parameter controlling the analyses is the ratio of th
decay rates~the perturbative one and through inefficient pr
heating!, which will also depend to some extent on the ra
of the Higgs boson and singlets masses. Note that the lig
the Higgs fields are, the easier they will be produced. Ho
ever, this may modify the period of preheating following th
end of inflation. The more radiation which is produced t
less the dilution we will have later@Eq. ~46!#.

To summarize, we have presented a semi-quantitative
nario for leptogenesis in the context of a realistic supersy
metric low scale hybrid inflationary model. A novelty of th
model is that during the reheating period, the dilution of t
lepton-baryon asymmetry is not due to entropy produced
the inflaton decays but due to Higgs boson decay. This
turn is controlled by how many Higgs fields we are able
preheat from the singlets before reheating is finally co
pleted, and it will help to avoid an axion-dominated univer
at the end of reheating. In a model with a hierarchy in t
masses of the heavy right-handed neutrinos, the combina
of the small asymmetrye with some later dilution could give
9-8
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rise to the correct order of magnitude for the final value
nB /s. Note that in a realistic supersymmetric model such
this the value of the baryon number is related to the ques
of the nature and abundance of cold dark matter, and
these questions are in turn related to the questions of thm
problem, the strongCP problem, and neutrino masses.
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