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Nonthermal leptogenesis with almost degenerate superheavy neutrinos
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We present a model with minimal assumptions for nonthermal leptogenesis with almost degenerate super-
heavy right-handed neutrinos in a supersymmetric setup. In this scenario the gauge singlet inflaton is directly
coupled to the right-handed~s!neutrinos with a mass heavier than the inflaton mass. This helps to avoid
potential problems which can naturally arise otherwise. The inflaton decays into standard model leptons and
Higgs bosons via off-shell right-handed~s!neutrinos and reheats the Universe. The same channel is also
responsible for generating the lepton asymmetry, thus requiring no stage of preheating in order to excite
superheavy~s!neutrinos. The suppressed decay rate of the inflaton naturally leads to a sufficiently low reheat
temperature, which in addition, prevents any wash out of the yielded asymmetry. We will particularly elaborate
on important differences from leptogenesis with on-shell~s!neutrinos. It is shown that for nearly degenerate
neutrinos a successful leptogenesis can be accommodated for a variety of inflationary models with a rather
wide ranging inflationary scale.
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I. INTRODUCTION

The consistency of the abundance of light elements s
thesized during the big bang nucleosynthesis~BBN! requires
that the baryon asymmetry of the Universe~BAU!, param-
etrized ashB5(nB2nB̄)/s with s being the entropy density
and nB the number density of the baryons, be in the ran
(0.3–0.9)310210 @1#. The asymmetry can be produced fro
the baryon symmetric universe provided three conditions
simultaneously met;B and/orL violation, C and CP viola-
tion, and departure from thermal equilibrium@2#. However,
any produced asymmetry will be washed away by the s
dard model ~SM! (B1L)-violating sphaleron transition
which are active from temperatures 1012 GeV down to
100 GeV @3#, if B2L50. Therefore, an asymmetry inB
2L is generally sought which is subsequently reprocesse
a thermal bath via sphalerons in order to yield a net bar
asymmetry given byB5a(B2L). Here, a is a model-
dependent parameter; in the case of the SM,a528/79, while
in the minimal supersymmetric standard model~MSSM!, a
532/92 @4#.

An attractive mechanism for producingB2L asymmetry
is from the decay of heavy right-handed~RH! Majorana neu-
trinos @6#. Since the RH neutrinos are SM singlets, a Ma
rana massMN , which violates lepton number, is compatib
with all symmetries and hence can be arbitrarily large
yond the electroweak scale. This provides an elegant way
obtaining small massesmn for the light neutrinos via the
seesaw mechanism such thatmn'(mD

2 /MN) @5#, wheremD

is the Dirac mass obtained from the Higgs vacuum expe
tion value~VEV!. Moreover, a lepton asymmetry can be ge
erated from the interference between the tree-level and
one-loop diagrams in an out-of-equilibrium decay of the R
neutrinos, providedCP-violating phases exist in the neutrin
Yukawa couplings. The lepton asymmetry thus obtained w
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be partially converted to the baryon asymmetry via sphale
effects. This is the standard lore for producing lepton asy
metry commonly known as leptogenesis@6,7#.

The present analyses of solar neutrino experiments fa
the large mixing angle Mikheyev-Smirnov-Wolfenste
~MSW! solution with Dmn,solar

2 56.131025 eV2 and
tan2u1250.41 @8#, while Dmn,atm

2 53.231023 eV2 and
sin2(2u23)5(0.83–1) provides the best fit to the atmosphe
neutrino data@9#.

In addition, cosmology@10# and neutrinoless double-bet
decay experiments@11# provide an upper limit for the light
neutrino masses. The masses and mixing angles which
required to explain solar and atmospheric neutrino data
be obtained in both scenarios with hierarchical, or quasi
generate, neutrinos. Note that the hierarchical spectrum
heavy neutrinos strongly suggests a spectrum of light neu
nos which is hierarchical too unless there is a big conspira
On the other hand, a mild hierarchy of RH neutrino mas
could be compatible with degenerate light neutrinos with
certain amount of fine-tuning. In the former case, one m
consider a thermal leptogenesis scenario where heavy ne
nos come into equilibrium with the primordial thermal ba
through Yukawa interactions. The decay of the lightest R
neutrino easily satisfies the out-of-equilibrium condition
virtue of having a sufficiently small Yukawa coupling@7#. In
the model-independent analysis in Ref.@12#, the authors
have parametrized thermal leptogenesis by four parame
the CP asymmetry, the heavy RH neutrino mass, the eff
tive light neutrino mass, and the quadratic mean of the li
neutrino masses. The final result was that an acceptable
ton asymmetry can be generated withTR;M1

5O(1010) GeV and( imn,i,A3 eV.
However, the temperature required for thermal leptog

esis is marginally compatible with the maximum allowed o
in supersymmetric theories, which is usually constrained
thermal gravitino production@13,14#. Gravitinos with a mass
©2003 The American Physical Society09-1
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O(TeV) decay much after nucleosynthesis and their de
products can change the abundance of the light elements
thesized during BBN. For 100 GeV<m3/2<1 TeV, a suc-
cessful nucleosynthesis requiresn3/2/s<(10214210212),
which translates intoTR<(10721010) GeV @13,14#.1 The
possible ways for obtaining a naturally low reheat tempe
ture include gravitationally suppressed decay of the infla
in models of high scale inflation@22#, low scale inflationary
models@23–25#, a brief period of late thermal inflation@26#,
or—a completely new paradigm ‘‘reheating through the s
face evaporation’’ which works even for high scale inflatio
ary models@27#.

When the light neutrinos are almost degeneratemn,1

'mn,2'mn,3 , which requires quasi-degenerate heavy neu
nos, the out-of-equilibrium condition in the thermal leptog
nesis scenario cannot be satisfied in the minimal see
model @7#. More complicated models are required in th
case@28#. On the other hand, if the mass splitting of the R
neutrinos becomes less than their decay widths, the pertu
tive calculations obviously break down. Then, the effect
finite decay widths of the RH neutrinos must be taken i
account@29#. The careful treatment of Ref.@29# shows that a
resonant enhancement of lepton asymmetry occurs in
case, while as expected, it vanishes in the limit of exac
degenerate neutrinos. This effect can be utilized to br
down the scale of heavy neutrino masses, and hence the
togenesis scale@30#.

However, for almost degenerate heavy neutrinos,
where the mass splitting is larger than the decay width,
has to seek nonthermal leptogenesis~which works for the
hierarchical neutrino masses as well! in the minimal models.
In this scenario RH neutrinos are produced nontherm
from the inflaton decay. This can occur during reheating
the inflaton decays to the RH neutrinos, which are ligh
than the inflaton, with a considerable branching ratio@31#.
Heavy neutrinos can also be produced via preheating@32# ~a
stage of reheating where resonant production of mas
and/or massless bosons and fermions takes place@33#! or
tachyonic preheating@34#, even if the mass of the boson an
fermion exceeds that of the inflaton. All these are rat
model-dependent and their main features can significa
vary from model to model. This is the prime reason why
do not pursue leptogenesis via preheating mechanism h

In supersymmetric models one has the RH sneutrino
addition. The sneutrinos are produced along with neutri

1Recently, nonthermal production of helicity63/2 @15# and helic-
ity 61/2 gravitinos@16,17# from inflaton oscillations have bee
considered. For a single chiral multiplet the helicity61/2 gravitino
is the superpartner of the inflaton known as the inflatino. The de
channels of inflatinos have been discussed in Ref.@18#. Also, it has
been suggested@18#, and explicitly shown@19#, that in realistic
models with two chiral multiplets the helicity61/2 gravitino pro-
duction is not a problem, as long as the inflationary scale is su
ciently higher than the scale of supersymmetry breaking in the
den sector and the two sectors are weakly coupled. Gravitinos
also be produced directly from the inflaton decay@20# and from the
decay of the heavy stable neutral particles@21#.
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during reheating and with much higher abundances in p
heating, thus serving as an additional source for leptogen
@35#. Moreover, the RH sneutrinos can acquire a large V
during inflation if their mass is less than the Hubble expa
sion rate during inflationHI . Such a condensate starts osc
lating onceH(t).MN , therefore automatically satisfying
the out-of-equilibrium condition. The decay of the sneutri
condensate can then yield the desired lepton asymmetr
the same fashion as neutrino decay@36# or via the Affleck-
Dine mechanism@37#. This last scenario has an addition
advantage that it solves the fine-tuning problem in theF-term
hybrid inflationary model in a very natural way@38#.

The success of all these scenarios, but preheating and
Affleck-Dine oriented model, requires that the inflaton
heavier than the RH~s!neutrinos@in the hierarchical case
inflaton only needs to be heavier than the lightest R
~s!neutrino#. Moreover, all the above scenarios are bas
upon the decay processes. An attractive proposal was
cently made, where the lepton asymmetry in the visible s
tor is generated from the RH neutrino-mediated scattering
the SM Higgs bosons and leptons into a depleted hid
sector@39#, rather than the decay of the on-shell heavy ne
trinos.

In this paper we propose a simple supersymmetric mo
for nonthermal leptogenesiswithoutany need of a preheatin
mechanism. In this model the inflaton is directly coupled
nearly degenerate RH~s!neutrinos which are heavier than th
inflaton. Then the inflaton decays to the SM fields, via o
shell RH ~s!neutrinos, reheats the Universe and natura
leads to a sufficiently low reheat temperature. This sa
channel is also responsible for producing the lepton as
metry.

In the next section we introduce our model and highlig
several of its advantages. Then we turn to reheating and
eration of the lepton asymmetry in this model and pres
our main results. In particular, we point out marked diffe
ences from leptogenesis with on-shell~s!neutrinos. Finally,
we conclude the paper with a brief summary.

II. MODEL

We start by introducing our model in a supersymmet
set up. The relevant part of the superpotential is given b

W.
1

2
mfFF1

1

2
gFNN1hNHuL1

1

2
MNNN. ~1!

HereF, N, L , andH stand for the inflaton, the RH neutrino
the lepton doublet, and the Higgs~which gives mass to the
top quark! superfields, respectively. Also,mf andMN denote
inflaton and RH~s!neutrino masses, respectively.2 We as-
sume that the inflaton is coupled to the RH~s!neutrinos via
Yukawa couplingg, andh denotes a typical neutrino Yukaw

y

-
-

an

2Actually, mf denotes the frequency of the inflaton oscillatio
around the global minimum of the potential. In models of chao
inflation mf.HI , while in new and hybrid inflationary models it i
usually ~much! larger thanHI @40#.
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coupling. For simplicity, we have omitted all indices inh
matrix and superfields, and work in the basis where the M
jorana mass matrix is diagonal. Further simplifications c
be made for almost degenerate RH~s!neutrinos whereMN is
essentially the same for all of them. It is also conceivable
this case that the inflaton is coupled with the same strengt
three RH~s!neutrinos. This is particularly true when the in
flaton has a nonzero VEV at the minimum which provid
masses to the RH~s!neutrinos. We focus on superheavy R
~s!neutrinos, i.e. assuming thatMN@mf.

Now let us discuss the merits why we seek RH~s!neutri-
nos heavier than the inflaton. IfMN,mf , then one can eas
ily produce on-shell~s!neutrinos from the inflaton decay, e
ther perturbatively or via preheating. First consid
~s!neutrino production in perturbative inflaton decay. A p
turbative decay requires a small coupling to the~s!neutrinos.
This is naturally achieved when the inflaton lies in a hidd
sector which is only gravitationally coupled to the SM sec
@22#. In this case the total decay rate of the inflaton is giv
by Gd;mf

3 /MP
2 , while the partial decay rate to~s!neutrinos

is given by Gf→N;mfMN
2 /MP

2 @21#, where MP52.4
31018 GeV is the reduced Planck mass. This results in
branching ratio.(MN /mf)2, which is too small if MN
!mf . Note that a successful leptogenesis requires an
ceptable branching ratio given the entropy generation fr
reheating, thus implying thatMN must not be much smalle
thanmf .

Besides, a small couplingg, which is required to ensure
perturbative treatment, leads to another potential probl
The sneutrino fieldÑ can acquire a large VEV during infla
tion. SinceÑ is directly coupled to the inflaton, it might eve
ruin the flatness of the inflaton potential. On a lighter no

^Ñ& remains non-vanishing after the end of inflation in a
case and may contribute to isocurvature density perturbat
@41#. This requires a delicate treatment of a coupled sys
which depends on the choice of a model. This is an is
which has been sidelined in most supersymmetric model
nonthermal leptogenesis, except Ref.@37#.

If g is sufficiently large,~s!neutrinos may be produced i
a non-perturbative manner during the stage of~tachionic!
preheating@32,34#. For the superpotential in Eq.~1!, the nec-
essary condition for preheating readsgf0.mf , wheref0 is
the initial amplitude of the inflaton oscillations. This guara
tees thatÑ is heavier than the inflaton during inflation, an
hencê Ñ&50 after the end of inflation, resulting in a simple
initial condition in the post-inflationary era. On the oth
hand, both RH neutrinos and sneutrinos can be produced
preheating~sneutrinos much more abundantly by virtue
obeying Bose statistics@33#!. However, as mentioned earlie
this is rather model dependent. For example, if the infla
has a VEV at the minimum, denoted asv, then it is hard to
envisage an efficient production of~s!neutrinos through para
metric resonance. The reason is thatMN5gv andf0.v in
this case, which impliesgf0.MN . It is therefore evident
that there will be no preheating of~s!neutrinos for MN
,mf . On the other hand, forMN.mf preheating is pos-
sible only if gf0mf@MN

2 @33,42#. In particular, resonan
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creation rapidly ceases to be efficient forMN.10mf @42#.3

In the tachyonic preheating scenario, too, the produ
~s!neutrinos usually have an abundance much less than
inflaton abundance whenMN@mf @34#. In conclusion, it is
very difficult ~if not impossible! to obtain the desired lepton
asymmetry in a wide range of inflationary models, by sole
relying on non-perturbative dynamics.

Now we count upon the advantages of our model. Firs
all, for MN@mf the post-inflationary dynamics is simple

since ^Ñ&50 at the end of inflation. The Universe is re
heated through the inflaton decay to the Higgs boson and
leptons via the off-shell RH~s!neutrino. The decay rate, a
we will see shortly, is suppressed as (mf /MN)4. This natu-
rally leads to an acceptably low reheat temperature w
MN@mf . Furthermore, the inflaton decay alone is respo
sible for the generation of the lepton asymmetry. This ma
the model minimal since leptogenesis is now directly co
nected with reheating. Also, the washing out of the lep
asymmetry from thermal scattering of the SM leptons a
Higgs boson is completely negligible sinceTR!MN .

Our main focus will be on almost degenerate light neu
nos, which can be derived naturally from almost degene
RH neutrinos. An example of such a model is presented
Ref. @44#, where neutrino masses and mixing compatib
with the solar and atmospheric neutrino solutions are deri
in the framework of democratic mass matrix. There the n
trino Yukawa matrixh is almost diagonal in the same bas
as the Majorana mass matrix. This makes sense since w
both are proportional to the identity matrix the light neut
nos come out to be exactly degenerate. Then by perturb
around this pattern, we can obtain a nearly degenerate
ture. In the calculations below,MN and DMN denote the
nearly equal diagonal elements of the Majorana mass ma
and their typical differences respectively. Alsoh anddh rep-
resent the nearly equal diagonal elements of the Yukawa
trix and their differences respectively, whileh8 stands for the
typical non-diagonal elements. It is assumed thatDMN
,MN andh8,dh,h.

III. REHEATING THE UNIVERSE

The main decay mode of the inflaton is to a four-bo
final state consisting of two Higgs-boson/Higgsino-lepto
slepton particles~and theirCP transforms!. Since we have
assumedmf!MN , it is essential to find those diagram
which are least suppressed by powers ofMN . These dia-
grams, shown in Fig. 1, which arise from the leading ord
terms in the effective superpotential after integrating outN,
are given by

3It has been shown in Ref.@42# that for a quadratic potentialVf

;mf
2 f2, efficient resonant production of particles with a ma

MN510mf requiresgf0.104mf . On the other hand, for a quarti
potentialVf;lf4, preheating of these particles practically disa
pears. Preheating in the supersymmetric hybrid inflation mode
also not efficient@43#.
9-3
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We f f.
1

2
mfF21

1

2MN
2

gh2F~HuL !~HuL !. ~2!

We should therefore choose that part of theN propagator
with a mass insertion, namely the part suppressed as 1MN

~the other part of the propagator is proportional tomf /MN
2 ).

In the diagrams in Fig. 1 two opposite arrows on theN

propagator represent this dominant part. Note thatÑ propa-
gator is proportional to (1/MN

2 ) to the leading order.
First, we evaluate the rate for inflaton decay without a

specific assumption about Majorana masses and Yuk
couplings~except thatg is diagonal and universal, andmf
!MN). Generically, the trajectory of the inflaton motion is
line on a complexf plane. We can therefore assume, witho
loss of generality, that only the real component of the infl
ton has a VEV, thus treating the decaying inflatons as

FIG. 1. Diagrams together with theirCP transformed, for which
DL512, represent the inflaton decay into two Higgs-boso
Higgsino-lepton/slepton pairs at leading order.
02350
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fields. In addition, the SM particles are much lighter than
inflaton in the case under consideration~as will be confirmed
by our results!. Then the phase space factor for the four-bo
decay is readily found to be@163963(2p)5#21. The infla-

ton coupling to a given final state consisting ofL̄ j ~or L̄̃ j )

and L̄k ~or L̄̃k), plus two H̄u ~or H̃̄u), is given by
( ighi j hik/2Mi

2 . Here j and k stand for the lepton flavor
There is also a multiplicity factor for each final state whi
can be calculated easily.

Given all possible weak isospin assignments, with flav
indices fixed, there exist a total of nine final states. Seven
them which consist of two fermions and two scalars are~1!

L̄ j
aL̄k

aH̄u
bH̄u

b , ~2! L̄̃ j
aL̄̃k

aH̃̄u
bH̃̄u

b , ~3! L̄ j
aL̄k

bH̄u
aH̄u

b , ~4!

L̄̃ j
aL̄̃k

bH̃̄u
aH̃̄u

b , ~5! L̄ j
aL̄̃k

aH̄u
bH̃̄u

b , ~6! L̄ j
aL̄̃k

bH̄u
aH̃̄u

b , and ~7!

L̄ j
aL̄̃k

bH̄u
bH̃̄u

a . There are also two final states consisting of fo

scalars:~8! L̄̃ j
aL̄̃k

aH̄u
bH̄u

b and ~9! L̄̃ j
aL̄̃k

bH̄u
aH̄u

b .
Note that at each vertex in diagram~a!, the production of

L̄a ~or L̄̃a) is accompanied by that ofH̄u
b ~or H̃̄u

b) and vice

versa. In diagram~b!, on the other hand, the production ofL̄a

~or L̄̃a) is accompanied by that ofH̃̄u
b ~or H̄u

b) and vice versa.
This implies that final states in~1!–~4! and~7! can arise from
diagram~a!, while ~6! arises only from diagram~b!. On the
other hand, the final state in~5! can arise from both dia-
grams. Finally,~8!,~9! arise only from diagram~c!.

The rates for the inflaton decay to the final states in~1!,
~2! and ~8! are the same and given by

G15G25G8

.(
j <k

~23@824d jk# !3
mf

5

163963~2p!5U(i
g

hi j hik

2Mi
2 U2

.

~3!

The constraintj <k is imposed in order to avoid doubl
counting of the same final states. Note that the first num
inside the parentheses comes from the summation ove
isospin states, while the second one represents the ov
factor from the superposition of different contributions f
each isospin assignment.

Similarly, one can also evaluate the rates for the de
into other final states. The results are

G35G45G95
1

2
G1 , ~4!

while

G65G75
1

4
G5

.(
j ,k

~234!3
mf

5

163963~2p!5U(i
g

hi j hik

2Mi
2 U2

. ~5!

The total decay rate of the inflaton will be

/

9-4
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Gd5(
i 51

9

G i . ~6!

Let us come back to the case with nearly degenerate ne
nos, whereDMN,MN andh8,dh,h. In this case eachNi

(Ñi) is dominantly coupled to thei th lepton doublet, and the
coupling ish. In consequence, off-shellNi (Ñi) mainly con-
tributes to the inflaton decay to the final states withj 5k
5 i . Then we can show that the decay rate will be given

Gd.
21

214p5
g2h4

mf
5

MN
4

. ~7!

The inflaton completely decays whenH.Gd , where H
.(g

*
1/2T2/MP) in a radiation-dominated universe@40#, with

g* being the effective number of relativistic degrees of fre
dom which is.214 in the MSSM. Assuming that therma
equilibrium is achieved whenH.Gd ~which is justifiable;
for a detailed discussion, see Refs.@45,46#!, we obtain

TR

mf
.1027/2

gh2mf
3/2MP

1/2

MN
2

. ~8!

Some comments are in order regarding our estimate
Gd andTR. One might think that the inflaton decaying in

four scalars, the same as in diagram~b! except thatH̃̄u andL̄

are replaced withHu and L̃, would occur at a rate only
suppressed by two powers ofMN . However, this is not the
case since this leading order contribution is canceled ou
that from another diagram and the overall rate is actu
proportional to (mf

7 /MN
6 ). This is just the manifestation tha

these diagrams do not arise from the effective superpote
individually. Also, there exists a two-body decay channel

the inflaton, intoH̄uHu( H̃̄uH̃u) or L̄L( L̄̃ L̃), at the one-loop
level. It can easily be derived by choosing (1/MN) and
(mf /MN

2 ) parts of N propagators in diagram~a! and con-

necting theH̄u( L̄̃), or L̄( H̃̄u), lines. This channel has a muc
larger phase space factor (8p)21, while the dependence ong
andh remains the same as in Fig. 1. However, the two-bo
decay rate is}(mf

7 /MN
6 ). Thus, by taking the one-loop fac

tor (4p)22 into account and forMN>10mf , it will eventu-
ally be smaller than that in Eq.~7!.

Finally, the inflaton can also decay into the SM fields v
gravitational couplings with a decay rateGgrav
;(v/MP)

2(mf
3 /MP

2), wherev denotes inflaton VEV at the
global minimum of the potential@21#. Such a decay rate ca
however be neglected compared to the four-body decay
vided v!MP.

IV. LEPTON ASYMMETRY

In this section we evaluate the lepton asymmetry gen
ated from the inflaton decay through diagrams in Fig.
First, we remind the reader that for the standard case w
the decay of on-shell neutrinos yields the lepton symme
02350
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one hashL5S ie i(nNi
/s), where

e i5(
iÞ j

e i j ; e i j 52
1

8p

1

@hh†# i i

Im~@hh†# i j !
2f S M j

2

Mi
2D

~9!

and @47#

f ~x!5AxS 2

x21
1 lnF11x

x G D . ~10!

The first and second terms on the right-hand side of Eq.~10!
correspond to the one-loop self-energy and vertex cor
tions, respectively. For hierarchicalN, the following lower
bound is found@48#:

ue1u<
3

8p

M1m3

^H0&
2

, ~11!

whereM1 andm3 denote masses of the lightest heavy ne
trino and the heaviest light neutrino respectively. He
^Hu

0&5174 sinb GeV is the VEV ofHu in our vacuum, with
tanb defined as the ratio of̂Hu

0& and ^Hd
0&. On the other

hand,x'1 for almost degenerate RH neutrinos, and hen
the self-energy contribution dominates. Then, it can
shown that~to the leading order! @44#

e1.e2.e3.
1

4p

h82

h2

MN

DMN

MN

^Hu
0&2

Dmn,atm
2

2mn
. ~12!

Now we come back to our case, where the inflaton decay
off-shell N (Ñ) produces the lepton asymmetry. The net le
ton asymmetry is generated from the interference betw
diagrams in Fig. 1 and the one-loop diagrams represen
self-energy and vertex corrections to one of theN (Ñ) propa-
gators. Diagrams with one-loop correction to bothN (Ñ)
legs are of higher order and will be subdominant. There
major differences which arise in the analysis compared to
on-shell case, as we note in this following discussion.
demonstrate these differences explicitly, we focus on s
energy and vertex corrections to diagram~a! of Fig. 1, shown
in Fig. 2. Similar arguments will go through for the inflato
decay through diagrams~b! and ~c! in Fig. 1.

Note that bothHuL andH̃uL̃ loops contribute to the self
energy correction, while only one of them is relevant in t
vertex correction for a given final state. Also, recall that on
loops with on-shell particles make a contribution to the
sultant asymmetry. Thus the self-energy and vertex loops
volving Nl actually represents-channel andt-channel scat-
tering of a Higgs-lepton or Higgsino-slepton pair via of
shell Nl , respectively. The center-of-mass energy availa
in these processes is at most equal to the inflaton mas
consequence, the self-energy correction is simply twice
large as the vertex correction formf!MN .4 It can also be

4This is similar to thex@1 limit for the standard case in Eq.~10!.
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shown that only the mass insertion part of theNl propagator
contributes to the generated asymmetry from the self-ene
correction ofNi . The diagram with mass insertion in theNi
propagator will be irrelevant, exactly like the standard ca
@47#.

An important difference arises in comparison with t
standard case that there the center-of-mass energy in the
body decay ofNi is simply determined byMi , while here
the energy flowing in theNi leg is 0,E,mf . In the mf

!MN limit, the Ni propagator isE/Mi
2 , while theNl propa-

FIG. 2. Diagrams representing one-loop~a! self-energy, and~b!
vertex corrections to the decay channel shown in Fig. 1~a!. The
interference between these and the tree-level diagram results
net lepton asymmetry.
02350
gy

e

o-

gator will simply be 1/Ml ; see the diagrams in Fig. 2. For
given final state with definite momenta the one-loop diagr
is suppressed asE2/MiMl with respect to the tree-level one
Upon performing phase space integration over a four-b
final state we find the suppression will bemf

2 /MiMl times
some numerical factor;O(1). For simplicity, we take the
average energy in theNi legs to bemf/2, and hence the
suppression comes as.mf

2 /4MiMl . This approximation is
adequate for our purposes in themf!MN limit, and any
difference from the exact result will be numerically irre
evant. The reason is that the main contribution to the ph
space integral comes from the bulk of the available ph
space, while the contribution of the parts in which the ene
of some decay products is!mf , including parts withE
'0 or E'mf , is suppressed. The situation will be mo
complicated whenmf and MN are not very different, since
the energy and momentum carried byN legs are comparable
to MN . In such a case theNi and Nl propagators can
strongly depend on the phase space distribution of the de
products and the above approximation may not be suffici

Now let us find the asymmetry parameter in the inflat
decay. First consider the diagrams in Figs. 1~a! and 2. For a
given final state the tree-level and interference terms n
rally have the same multiplicity factor. As explained earli
the self-energy correction is twice as large as the vertex
rection, and also, the average energy carried by each of thN
legs can be approximately taken to bemf/2. The contribu-
tions from both diagrams in Figs. 2~a! and 2~b! are equal,
and hence the asymmetry receives an extra factor
3mf

2 /2MN
2 , in addition to the (1/8p) prefactor in Eq.~9!.

Note that the one-loop correction can come from each of
two N legs, which is equivalent to exchangingj with k. The
situation will be similar for the asymmetry in the inflato
decay through diagrams~b! and ~c! in Fig. 1. Thus, after
summing over all possible final states, we obtain

e.2
3

8p
3

(
i ,n,l

Im@~hh†!ni~hh†!nl~hh†! i l #mf
2

Mi
3Mn

2Ml

(
i ,n

~@hh†# in!2

Mi
2Mn

2

, ~13!

which is functionally very different from the standard case
Eq. ~9!.

We now come back to the case with nearly degene
neutrinos. Now, the denominator of the second term on
right-hand side of Eq.~13! is .3h4/MN

4 . In this case the
Yukawa matrixh is almost diagonal, and so is the matr
hh†. The numerator receives the main contribution from t
terms withi 5n and i 5 l ,5 and can be written as

(
iÞ l

h2Im~@hh†# i l !
2mf

2 S 1

Mi
5Ml

2
1

Mi
4Ml

2D . ~14!

5Terms withn5 l and i 5n5 l are real, and hence do not contrib
ute to the asymmetry.

a
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This can further be simplified to 12h3dhh82(mf
2 DMN /MN

7 ),
assuming that only the non-diagonal elements con
CP-violating phases. Since the lepton number is violated
two units in the inflaton decay, we finally have

nL

nf
.

3

p

dhh82

h

DMN

MN
S mf

MN
D 2

. ~15!

An important observation is that here the final asymmetry
proportional toDMN , contrary to the on-shell case in E
~12!. Therefore the generated asymmetry actually decre
as the RH~s!neutrinos become more degenerate. This is
difficult to understand as the available energy in the infla
decaymf is far below the mass of the RH~s!neutrinosMN ,
independently of how degenerate the latter ones are.

The total asymmetry in the baryons~after taking into ac-
count of sphaleron effects! can be expressed as

hB5S nB

nf
D S nf

s D.
1

p

dhh82

h3

DMN

MN
S MNmn

^Hu
0&2 D S mf

MN
D 2S TR

mf
D ,

~16!

where s5(2p2/45)g* TR
3 . Here nf /s denotes the dilution

from reheating. By using Eq.~8! and the relationshipmn

.(h2^Hu
0&2/MN), we eventually obtain

hB.4.10249/2g
dhh82

h3

DMN

MN

mf
7/2MP

1/2

MN
2 ^Hu

0&4
~1 GeV!2,

~17!

where we have takenmn'0.1 eV. We also assumêHu
0&

5174 GeV in below. Moreover, forDMN.MN and as long
ash8,dh, it is sufficient to havedh/h'DMN/2MN in order
to obtain degenerate light neutrino masses. Therefore,
may further simplify Eq.~17! to find

hB.2.10249/2g
h82

h2 S DMN

MN
D 2 mf

7/2MP
1/2

MN
2 ^Hu

0&4
~1 GeV!2.

~18!

Let us now present some numerical examples for ne
degenerate superheavy RH~s!neutrinos, i.e.MN>10mf and
DMN.MN . With MN510mf and 1021<h8/h<1, the de-
sired baryon asymmetry can be obtained for the range
parameters 1023<g<1 and 1011 GeV<mf<1013 GeV,
which result in 106 GeV<TR<108 GeV. With MN
5100mf , and 1021<h8/h<1 as before, an acceptab
asymmetry is yielded forg51 and mf.101221013 GeV,
with 107 GeV<TR<109 GeV.

The merits of our model are already evident from the
numbers. First of all, the reheat temperature is low~more
than! enough to avoid the gravitino problem. Moreover,TR
!MN guarantees that lepton number violating scattering
the SM particles is completely negligible, especially keep
in mind that in the MSSM there are a large number of sc
tering processes which can considerably attenuate the
tained asymmetry if the reheat temperatureTR is close toMN
@7#. In our case, obtaining a sufficiently low reheat tempe
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ture is more than welcome in this regard. Also, the robu
ness of the inflaton massmf lies in a range compatible with
both high and intermediate scale inflationary models, thou
slightly favoring high scale models, thus making the scena
more flexible.

We shall re-emphasize the marked difference from lep
genesis with on-shell~s!neutrinos, namely suppression of th
yielded asymmetry asDMN /MN decreases. This implies tha
our scenario works well for nearly degenerate neutrinos~and
perhaps even better in the hierarchical case!, while producing
too little asymmetry for highly degenerate ones. Note that
resonant enhancement of the lepton asymmetry of the
discussed in Ref.@29# will occur. However, we can expect
qualitatively similar effect if~at least! one of the RH sneutri-
nos is almost degenerate with the inflaton.

We would like to make a final comment before closin
this section. A small number of on-shell~s!neutrinos might
also have been produced non-perturbatively from an ine
cient preheating and hence contribute to the resultant as
metry through their decay. The asymmetry yielded in t
decay of on-shell particles, denoted ashB

on , will be

hB
on.

MN
4

3DMN
2 mf

2 S nÑ1nN

nf
DhB . ~19!

Note that the asymmetry parameter for on-shell~s!neutrinos
is dominated by the self-energy correction, given in Eq.~10!,
and hencehB

on does not contain the suppression fac
(mf/2MN)2. On the other hand, a factor of 4 will be los
relative to the off-shell case, since the one-particle decay
on-shell Ñ and N violates the lepton number by one un
Thus, with DMN.MN , the possible contribution from on
shell ~s!neutrinos can be neglected, provided (nÑ1nN)
,(3mf

2 /MN
2 )nf . For the range of parameters consider

above this is generically the case.

V. CONCLUSION

In this paper we have provided a simple example for n
thermal leptogenesis with nearly degenerate superheavy
neutrinos in a supersymmetric setup. We assumed that
inflaton is lighter than the RH~s!neutrinos, thus naturally
avoiding some potential problems which can naturally ari
The inflaton decay via off-shell~s!neutrinos reheats the Uni
verse and the model is minimal in a sense that the sa
channel is also responsible for generating the lepton as
metry. As usual, the asymmetry arises from the interfere
between the tree-level and the one-loop diagrams repres
ing self-energy and vertex corrections of~s!neutrinos, al-
though off-shell in our case, provided neutrino Yukawa co
plings contain CP-violating phases. However, there a
important differences from leptogenesis with on-sh
~s!neutrinos, which we have pronounced here. The s
energy and vertex corrections are now of the same o
regardless of the degree of degeneracy. Most notably,
asymmetry parameter is found to be linearly proportio
~rather than inversely in the on-shell case! to the mass dif-
ference of the RH~s!neutrinos. This results in a lepton asym
9-7
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metry which gets smaller as the RH~s!neutrinos become
more degenerate.

Finally, we briefly emphasize the remarkable advanta
of this model. First of all leptogenesis can be accommoda
rather simply without relying on non-perturbative producti
of RH ~s!neutrinos. It is particularly attractive that the d
sired baryon asymmetry can be directly generated in the fi
stage of reheating which is perturbative, regardless of
model-dependent effects which might have resulted in a
stage of non-perturbative reheating. Second, the suppre
decay of the inflaton naturally leads to an acceptably l
reheat temperature, which is compatible with the gravit
bound and also prevents any washout of the yielded as
metry. Also, with nearly degenerate~s!neutrinos, the desired
lepton asymmetry can be generated for a range of infla
mass accessible in large and intermediate scale mode
inflation.
tt
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Qualitatively, we expect that this scenario also wor
~even better! in the case of hierarchical RH~s!neutrinos.
However, a more careful study should be performed in or
to compare the quantitative results with those obtained h
It will also be interesting to study the possible enhancem
of the lepton asymmetry when the inflaton is almost deg
erate with some of the RH sneutrinos.
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