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We consider a supersymmetric model of inflation in which the primordial density fluctuations are nearly
scale invariant~spectral indexn'0.98) with an amplitude proportional to (M /MPlanck)

2, whereM;1016 GeV
denotes the scale of the gauge symmetry breaking associated with inflation. The 60 or soe foldings take place
when all relevant scales are close toM , which helps suppress supergravity corrections. The gravitino and
baryogenesis~via leptogenesis! constraints help determine the two heaviest right-handed neutrino masses to be
'231013 GeV and 63109 GeV. @S0556-2821~97!06512-0#

PACS number~s!: 98.80.Cq, 12.10.Dm, 12.60.Jv, 95.35.1d

The apparent existence of the supersymmetric grand uni-
fication scale ofMGUT(;1016 GeV!, which is hinted at by
both theory and an extrapolation of the data from the CERN
e1e2 collider LEP, suggests that the ‘‘small’’ ratio
MGUT/MP;1023 ~where MP51.2231019 GeV is the
Planck mass! may play an important role in particle physics
and cosmology. From the viewpoint of inflationary cosmol-
ogy, in particular, it seems desirable to have a scenario in
which primordial density fluctuations could be related to the
above ratio. Moreover, if all scales associated with the rel-
evant inflationary phase are close toMGUT, then we are
~more or less! assured that the supergravity corrections are
adequately suppressed.

A step in this direction was recently taken@1# when it was
realized that, within the framework of relatively simple su-
persymmetric models, a ‘‘hybrid’’ inflationary scenario@2#
can be implemented with a number of remarkable features.
In particular, the primordial density fluctuations are essen-
tially scale invariant~scalar spectral indexn.0.98) with
magnitude proportional to (M /MP)

2, whereM denotes the
mass scale of the associated gauge symmetry breaking
(G→H). Cosmic background temperature anisotropy data
constrain this scale to beM'~5–6!31015 GeV which
strongly suggests embedding the model in a suitable grand
unified scheme~see remarks below!. Two other features of
this scheme are worth emphasizing:~i! The inflationary
phase is ‘‘driven’’ by radiative corrections which result from
supersymmetry breaking in the very early Universe;~ii ! the
phase transition fromG→H occurs at the end of the infla-
tionary epoch so that this symmetry breaking should not pro-
duce monopoles. In other words, this inflationary scenario
will not work for the minimal SU~5! model, even if the scale
M had turned out to be precisely the supersymmetric
~SUSY! grand unified theory~GUT! scale.

In this report we want to be quite specific about whatG
andH are, although a detailed discussion on how they are
embedded in a supersymmetric grand unified theory such as
SO~10! or SU~3! c3SU(3)L3SU(3)R „@SU(3)#3 for short…
will not be attempted. We will takeG to be the subgroup
SU~3! c3SU(2)L3SU(2)R3U(1)B2L of these two groups,
such that the scaleM is associated with the breaking of

SU~2!R3U(1)B2L to U~1!Y . We will explore, in particular,
the ‘‘reheat’’ phase that follows inflation. The gravitino con-
straint on the ‘‘reheat’’ temperatureTR leads to important
constraints on the masses of the heavy ‘‘right-handed’’ neu-
trinos. In turn, light neutrino massesmnt

;4 eV and

mnm
;1022.8 eV fit nicely into the scheme, and the observed

baryon asymmetry of the Universe can be produced via a
primordial lepton asymmetry resulting from the decay of
right-handed neutrinos. We end with a brief comparison of
the resulting cold plus hot dark matter scenario with obser-
vations.

We begin with the following globally supersymmetric
renormalizable superpotentialW @3#:

W5kSf̄f2m2S ~k.0, m.0!, ~1!

wheref, f̄ denote the standard model singlet components
of a conjugate pair of SU~2!R3U(1)B2L doublet left-handed
superfields, andS is a gauge singlet left-handed superfield.

An R symmetry, under whichS→eiaS, f̄f→f̄f, and
W→eiaW, can ensure that the rest of the renormalizable
terms are either absent or irrelevant. Note that the gauge
quantum numbers off are precisely the same as the ones of
the ‘‘matter’’ right-handed neutrinos. But they are distinct
superfields and, in particular, the latter do not have the con-
jugate partners. FromW, one writes down the potentialV as

a function of the scalar fieldsf,f̄,S:

V~f,f̄,S!5k2uSu2@ ufu21uf̄u2#

1ukff̄2m2u21D terms. ~2!

TheD terms vanish along theD-flat directionf5f̄* which
contains the supersymmetric minimum
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^S&50,
~3!

^ufu&5^uf̄u&5m/Ak[M .

Using an appropriateR transformation,S can be brought to
the real axis, i.e.,S5s/A2, wheres is a normalized real
scalar field.

The important point now is that in the early Universe the
scalar fields are displaced from the above minimum. In par-
ticular, for S.Sc5M , the potentialV is minimized by
f5f̄50. The energy density is dominated bym4 which,
therefore, leads to an exponentially expanding inflationary
phase~hybrid inflation!. As emphasized in@1#, there are im-
portant radiative corrections under these conditions@4#. At
one loop, and forS sufficiently larger thanSc , the inflation-
ary potential is given by

Veff~S!5m4H 11
k2

16p2F lnS k2S2

L2 D1
3

2
2

Sc
4

12S4
1•••G J .

~4!

Using Eq. ~4!, one finds @5# that the cosmic micro-
wave quadrupole anisotropy amplitude, (DT/T)Q
'8p(NQ/45)

1/2(xQ /yQ)(M /MP)
2, and the primordial den-

sity fluctuation spectral indexn.0.98. HereNQ' 50–60
denotes the relevant number ofe foldings experienced by the
Universe between the time the quadrupole scale exited the
horizon and the end of inflation, yQ5xQ@127/
(12xQ

2 )1•••] with xQ5SQ /M , andSQ is the value of the
scalar fieldS when the scale which evolved to the present
horizon size crossed outside the de Sitter horizon during in-
flation. Also from Eq. ~4!, one finds k'(8p3/2/
ANQ)yQ(M /MP).

The inflationary phase ends asS approachesSc from
above. WriteS5xSc , wherex51 corresponds to the phase
transition fromG→H which, it turns out, more or less coin-
cides with the end of the inflationary phase@this is checked
by noting the amplitude of the quantitiese5(MP

2 /
16p)(V8/V)2 andh5(MP

2 /8p)(V9/V), where the prime re-
fers to derivatives with respect to the fields#. Indeed, the
50–60e foldings needed for the inflationary scenario can be
realized even withx'2. An important consequence of this is
that withS;1016 GeV, the supergravity corrections are neg-
ligible @6#.

In order to estimate the ‘‘reheat’’ temperature we take
account of the fact that the inflaton consists of the two com-
plex scalar fields S and u5(df1df̄)/A2, where
df5f2M , df̄5f̄2M , with massmin f l5A2kM . We
mainly concentrate on the decay ofu. Its relevant coupling to
‘‘matter’’ is provided by the nonrenormalizable superpoten-
tial coupling ~in symbolic form!:

1

2SM nc

M2 D f̄f̄ncnc, ~5!

whereM nc denotes the Majorana mass of the relevant right-
handed neutrinonc. Without loss of generality we assume
that the Majorana mass matrix of the right-handed neutrinos
has been brought to diagonal form with positive entries.
Clearly, u decays predominantly into the heaviest right-

handed neutrino permitted by phase space.~The fieldS can
rapidly decay into Higgsinos through the renormalizable su-
perpotential termjSh(1)h(2) allowed by the gauge symme-
try, whereh(1),h(2) denote the electroweak Higgs doublets
which couple to the up- and down-type quarks, respectively,
andj is a suitable coupling constant. Note that after super-
symmetry breaking,̂S&;MS , whereMS; TeV denotes the
magnitude of the breaking.!

Following standard procedures~we will soon comment on
the issue of parametric resonance!, and assuming the mini-
mal supersymmetric standard model~MSSM! spectrum, the
‘reheat’ temperatureTR is given by

TR' 1
7 ~GuMP!1/2, ~6!

whereGu'(1/16p)(A2M nc /M )2A2kM is the decay rate of
u. Substitutingk as a function ofNQ , yQ , andM , we find

TR'
1

12S 56NQ
D 1/4AyQM nc. ~7!

Several comments are in order.
~i! For xQ on the order of unity the ‘‘reheat’’ temperature

is essentially determined by the mass of the heaviest right-
handed neutrino the inflaton can decay into.

~ii ! The well-known gravitino problem requires thatTR lie
below 108–1010 GeV, unless a source of late stage entropy
production is available. Given the uncertainties, we will in-
terpret the gravitino constraint as the requirement that
TR&109 GeV.

~ii ! In deriving Eq.~7! we have ignored the phenomenon
of parametric resonance. This is justified because the oscil-
lation amplitude is of orderM ~not MP), such that the in-
duced scalar mass (;M nc) is smaller than the inflaton mass
A2kM . Note that hereM nc denotes the mass of the heaviest
right-handed neutrino supermultiplet the inflaton can decay
into.

To proceed further we will need some details from the
seesaw mechanism for the generation of light neutrino
masses. For simplicity, we will ignore the first family of
quarks and leptons. The Majorana mass matrix of the right-
handed neutrinos can then be brought~by an appropriate
unitary transformation on the right-handed neutrinos! to the
diagonal form with real positive entries

M5SM1 0

0 M2
D ~M1 ,M2.0!. ~8!

An appropriate unitary rotation can then be further per-
formed on the left-handed neutrinos so that the~approxi-
mate! seesaw light neutrino mass matrixmDM21m̃D , mD
being the neutrino Dirac matrix, takes the diagonal form

mD

1

Mm̃D5Sm1 0

0 m2
D ~9!

(m1 ,m2 are, in general, complex! @7#. In this basis of right-
and left-handed neutrinos, the elements of

mD5S a b

c dD , ~10!
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are not all independent. They can be expressed in terms of
only three complex parametersa, d, and h, where
h52@M1 /M2#

1/2(b/a)5@M2/M1#
1/2(c/d).

We will now assume thatmD coincides asymptotically~at
the SUSY GUT scaleMGUT.231016 GeV! with the up-
type quark mass matrix as is the case in many GUT models.
Restricting ourselves, from now on, to the case where
uhu;1 and M1 /M2@1, we have uau@ubu and ucu@udu.
Without much loss of generality we can further take
ucu!uau so thata is the dominant element inmD . In fact,
one can numerically show that the primordial lepton asym-
metry of the Universe~see below! is maximized in this re-
gion of the parameter space. Under these assumptions the
asymptotic top and charm quark masses areumtu'uau and
umcu'uduu11h2u. Since um2u!um1u, we can make the fol-
lowing identification of the light neutrino mass eigenstates

mnt
5um1u5

uau2

M1
u11h2u, mnm

5um2u5
udu2

M2
u11h2u.

~11!

We can then get the useful relations

M2'
mc
2mt

2

mnm
mnt

1

M1
, u11h2u'

mnt

mt
2 M1 . ~12!

We are now ready to draw some important conclusions
concerning neutrino masses that are more or less model in-
dependent. Assuming that the inflaton predominantly decays
to the heaviest right-handed neutrino@i.e.,M nc5M1 in Eq.
~7!# and employing condition~ii !, we obtainM1&9.33109

GeV for NQ'56 andxQ'2. Equation~11! then implies an
unacceptably largemnt

for uhu;1. Thus, we are led to our
first important conclusion: the inflaton should decay to the
second heaviest right-handed neutrino and, consequently,
M nc5M2 in Eq. ~7!. Combining this equation with Eq.~12!
we obtain

TR'
1

12S 56NQ
D 1/4 mc

2mt
2

mnm
mnt

yQ
1/2

M1
'9.231021

yQ
1/2

M1
GeV.

~13!

Here we putNQ556 which is easily justifiable by standard
methods at the end of the calculation after having fixed the
values of all relevant parameters. Also, we tookmt5110
GeV,mc50.24 GeV, which are consistent with the assump-
tion that belowMGUT the theory reduces to the minimal su-
persymmetric standard model~MSSM! with large tanb @8#.
Moreover, we tookmnm

'1022.8 eV which lies at the center
of the region consistent with the resolution of the neutrino
solar puzzle via the small angle Mikheyev-Smirnov-
Wolfenstein ~MSW! mechanism. The valuemnt

'4 eV is

consistent with the lightt neutrino playing an essential role
in the formation of large scale structure in the Universe.

The value ofM1 is restricted by the fact that the inflaton
should not decay to the corresponding right-handed ‘‘t’’
neutrino

M1>
min f l

2
5

kM

A2
'S 45p2 D 1/2 yQ

2

NQxQ
MPS DT

T D
Q

'yQ
2 xQ

211.231013 GeV. ~14!

It is interesting to note that since the right-handed neutrinos
acquire their masses from superpotential terms
lf̄f̄ncnc/Mc , whereMc5MP /A8p'2.431018 GeV and
l&1, M152lM2/Mc&(yQ /xQ)2.931013 GeV @for
NQ556, (DT/T)Q56.631026#. Thus, from Eq. ~14!,
yQ&2.4 which impliesxQ&2.6, and restricts the relevant
part of inflation at values ofS;1016 GeV.

To maximize the primordial lepton asymmetry~see be-
low! we choose the bound in Eq.~14! to be saturated. Equa-
tion ~13! then gives

TR'xQyQ
23/27.63108 S DT/T

6.631026D 21SNQ

56D 3/4

3S mc

0.24 GeV

mt

110 GeVD
2S mnm

1022.8 eV

mnt

4 eV
D 21

GeV,

~15!

which satisfies condition~ii ! for all allowed values ofyQ .
Equation~12! implies

M2'xQyQ
2293109 GeV,

u11h2u'4 yQ
2 xQ

21 . ~16!

This implies that the errors in the asymptotic formulas for
the top and charm quark masses are,1%.

The observed baryon asymmetry of the Universe can be
generated by first producing a primordial lepton asymmetry
via the out-of-equilibrium decay of the right-handed neutri-
nos, which emerge as decay products of the inflaton field at
‘‘reheating’’ @9#. It is important though to ensure that the
lepton asymmetry is not erased by lepton number-violating
2-2 scatterings at all temperatures betweenTR and 100 GeV
@10#. In our case this requirement is automatically satisfied
since at temperatures above 107 GeV the lepton asymmetry
is protected@11# by supersymmetry, whereas at temperatures
between 107 and 100 GeV, as one can easily show, these 2-2
scatterings are well out of equilibrium. The out-of-
equilibrium condition for the decay of the right-handed neu-
trinos is also satisfied sinceM2@TR for all relevant values of
xQ . The primordial lepton asymmetry is estimated to be@9#

nL
s

'
9

8p

TR
min f l

M2

M1

Im~mD
†mD /u^h~1!&u2!21

2

~mD
†mD /u^h~1!&u2!22

. ~17!

Equation~10! combined with the fact thatucuudu!uauubu then
gives

nL
s

&
9

8p

TR
min f l

M2

M1

mt
2

u^h~1!&u2
, ~18!

which, using Eqs.~12!–~16! and the fact thatu^h(1)&u'174
GeV for large tanb, becomes
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nL
s

&xQ
4 yQ

215/23.431029S DT/T

6.631026D 24SNQ

56D 15/4
3S mc

0.24 GeVD
4S mt

110 GeVD
6S mnm

1022.8 eV

mnt

4 eV
D 22

.

~19!

For xQ'2 (yQ'1.7), this givesnL /s&1029 which is large
enough to account for the observed baryon asymmetry. Also
M'5.4731015 GeV, TR'6.83108 GeV, M1'1.7531013

GeV,M2'6.23109 GeV, andmin f l'3.531013 GeV for the
same value ofxQ .

In supersymmetric models the lightest supersymmetric
particle ~LSP! is expected to be stable and is a leading cold
dark matter candidate. If we couple this with at neutrino of
mass; 2–6 eV we are led to the well-tested cold plus hot
dark matter~CHDM! model@12# of large scale structure for-
mation, with a spectral index ofn50.98. This model@12#
provides a consistent picture for the formation of large scale

structure in the Universe, and was used to correctly predict
@13# the primordial cosmic background radiation fluctuation
amplitude seen by the Cosmic Background Explorer satellite
@14#.

To summarize, among the key features of the inflationary
models we have discussed one could list the role played by
radiative corrections in the early Universe, the realization of
inflation at scales well belowMP so that the gravitational
corrections can be adequately suppressed, and the constraints
on the two heaviest right-handed neutrino masses. The re-
sulting cold plus hot dark matter combination which results
is an added bonus. One of the remaining challenges is to
embed the scheme described here within a fully unified
framework.
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