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We propose that the inflaton is coupled to ordinary matter only gravitationally and that it decays into
a completely hidden sector. In this scenario both baryonic and dark matter originate from the decay of a
flat direction of the minimal supersymmetric standard model, which is shown to generate the desired
adiabatic perturbation spectrum via the curvaton mechanism. The requirement that the energy density
along the flat direction dominates over the inflaton decay products fixes the flat direction almost
uniquely. The present residual energy density in the hidden sector is typically shown to be small.
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(MSSM) along which, in the absence of supersymmetry
breaking and nonrenormalizable operators, the scalar

stops) of order 10 H [14], where H is the Hubble rate
during inflation. There might be other possibilities, too.
Recent observations of the cosmic microwave back-
ground [1–3] appear to strongly support the inflationary
paradigm. The Universe is flat and the perturbation spec-
trum is adiabatic, as suggested by the simplest inflaton
models; in general, there could be a sizable isocurva-
ture contribution, too (see, e.g., [4]). However, despite
their many successes, these models leave open the origin
of ordinary baryonic matter. Indeed, there are no concrete
particle physics models that would specify how the in-
flaton couples to the standard model (SM) degrees of
freedom. Since the inflaton should be a SM gauge singlet
field, it can couple to quarks and leptons only indirectly
via some other fields, or by some nonrenormalizable
couplings. Such couplings are always rather ad hoc.

Therefore the most natural assumption would appear
to be that the inflaton lies in a completely hidden sector
and hence, except for gravity, does not couple to the SM
degrees of freedom at all. Under such a circumstance, the
inflaton decays entirely into lighter particles in the hidden
sector, and the SM matter cannot originate from the
inflaton energy density, as is usually assumed. In prin-
ciple, there could be some other hidden degrees of free-
dom which might scatter to form SM particles. However,
the scattering rate for particles coupled gravitationally
to SM remains less than the Hubble rate until the tem-
perature of the Universe drops to T & �minf=MP�

4MP �
300 keV, where minf is the inflaton mass, and MP ’
2:4� 1018 GeV is the reduced Planck mass. Here we
simply assumed that minf < 1013 GeV, which holds, e.g.,
in chaotic inflation. This is a too low temperature for big
bang nucleosynthesis (BBN) to be successful. At such low
temperatures baryogenesis and the generation of cold
dark matter (CDM) would also be a great problem.

In this Letter we present a simple mechanism to create
the ordinary SM particles in the universe from a flat
direction of minimal supersymmetric standard model
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potential vanishes. The MSSM flat directions have
all been classified in [5]. They are made of certain combi-
nations of the squarks and sleptons, or the Higgs field
(for a review of cosmological aspects of MSSM flat
directions, see [6]). It is thus obvious that the decay of
the field corresponding to the flat direction can give rise
to the quarks and leptons, together with CDM in the form
of lightest supersymmetric particles (LSPs). Moreover, as
we will show, the same flat direction can provide the
adiabatic fluctuations seeding the large scale structures
in the universe.

Our starting point is thus inflation which takes place in
a hidden sector. For a successful inflation, the energy
density along the MSSM flat directions should be negli-
gible during inflation. There will, however, be field fluc-
tuations along those flat directions, powered by the
nonzero energy density of the inflaton; these will be
isocurvature in nature [7,8] (see also [9]). We may assume
that within the single horizon volume which is inflated to
become the observable universe, only one of the many flat
directions is chosen. After the inflaton has decayed to
light degrees of freedom (in the hidden sector), the flat
direction energy density may nevertheless become domi-
nant at a later time, and as a consequence the original
isocurvature fluctuations turn adiabatic. Such a conver-
sion of isocurvature fluctuations to adiabatic fluctuations
has been dubbed as the curvaton scenario in [10], and has
been previously considered in the context of prebig bang
model [11] (for recent discussions on curvaton, see [12]).

The crucial requirement for an MSSM flat direction to
act as a curvaton is that it does not receive a Hubble-
induced mass term during inflation. This is known to hold
true at least in D term inflation [13] and generically in
theories with ‘‘Heisenberg symmetry’’ [14]. In the latter
case a one-loop contribution eventually gives a Hubble-
induced mass correction to the flat directions (other than
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FIG. 1. Evolution of the energy densities in the observable
(solid line) and hidden (dotted line) sectors. The subscripts
‘‘end,’’ ‘‘RH,’’ ‘‘osc,’’ ‘‘EQ,’’ and ‘‘d’’ refer to, respectively, the
end of inflation, reheating by the inflaton decay creating hidden
radiation, the beginning of the flat direction oscillation in
m2
��

2 potential, the equality of the energy densities of
�-oscillation and hidden radiation, and the decay of the flat
direction to produce ordinary radiation.
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Let us here just assume that no mass term is induced
by the hidden sector inflaton I and that the energy scale
of the inflaton is VI � 
4. After inflation the hidden
sector inflaton starts to oscillate, eventually decaying
into light hidden degrees of freedom which are coupled
to MSSM only gravitationally. As a consequence, there
will be no thermalization between the light hidden de-
grees of freedom and the MSSM degrees of freedom,
although in general there will be a nonzero temperature
in the hidden sector.

The MSSM flat direction is described by a scalar field
whose potential vanishes along that direction. However,
the flatness will be lifted by supersymmetry breaking.
It will also be lifted by nonrenormalizable terms of the
form W � ��n=nMn�3 [5,15], where M is a cutoff scale
and n * 4 is the dimensionality of the nonrenormal-
izable operator; for each flat direction, there exists a set
of allowed nonrenormalizable operators. In general, the
flat direction potential can be written as [16]

V��� �
1

2
m2
��

2 �
�2�2�n�1�

2n�1M2�n�3�
; (1)

where � � �ei�=
���
2

p
and the first term comes from super-

symmetry breaking so that m� � TeV.
After inflation, the amplitude of the flat direction is

very large, and�will start to oscillate, eventually decay-
ing. If the effective mass of the decay product is heavier
than the mass of the flat direction, g� > m�, where g is
some gauge or Yukawa coupling, it can decay into light
particles only through loop diagrams involving heavy
particles. On the other hand, the flat direction will decay
at tree level if f� <m�, where f is some gauge or Yukawa
coupling. In this case, the decay rate is given by

�� �
f2m�

8�
: (2)

Since the flat direction is assumed to dominate the energy
density of the universe when it decays so that H �
m��=MP, the amplitude of the flat direction at that
time is given by

�d � f2m�: (3)

The Hubble parameter at the time of decay reads as

Hd � f2m� & 10�10m�; (4)

since f < �m�=MP�
1=3 � 10�5 because f�d < m�. This

roughly yields a temperature of order 105 GeV, hence
giving rise to a hot big bang universe in the SM sector.
This observable sector reheat temperature is high enough
for baryogenesis to take place at the electroweak phase
transition [17] as well as for the LSPs to have the right
(thermal) abundance required for CDM [18].

Let us now follow the dynamics of the flat direction
during and after inflation until its decay. During inflation,
the energy is dominated by the inflaton, and the flat
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direction quickly gets into the slow roll regime. The
amplitude during inflation is given by

� � �sr �

�

2Mn�3

�MP

�
1=�n�2�

: (5)

The amplitude of the (isocurvature) fluctuation of the flat
direction, which will be converted to the adiabatic fluc-
tuation at a later time, is expected to be P1=2

� �
Hinf=�sr � 10�5, so that the scale of inflation in the
hidden sector should be


4 � �Pn�2
� ��2�1=�n�3�

�
M
MP

�
2
M4

P: (6)

Since the adiabatic fluctuation from the inflaton
field is assumed to be a subdominant component in our
scenario, the energy scale of inflation is observation-
ally restricted by 

 3� 10�2�1=4MP [10], where � �
�V 0

I�I�=VI

2M2

P=2 is the slow roll parameter [4], and the
prime denotes a derivative with respect to the inflaton
field I.

During inflation the inflaton energy dominates the
universe so that the ratio

V�
VI

��������sr

�

�
��1P1=2

�

�
M
MP

�
n�3

�
2=�n�3�

(7)

will be much less than unity.
The evolution of the energy densities of both the in-

flaton and the flat direction is shown schematically in
Fig. 1. After inflation, the inflaton field oscillates around
the minimum of its potential and its energy density
decreases as a�t��3, where a�t� is the scale factor of the
091302-2
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universe. After its decay into light particles in the hidden
sector, the energy density will decrease as a�t��4.

On the other hand, at first the flat direction is domi-
nated by a nonrenormalizable term, and the field follows
the boundary of a slow roll regime, V 00

���� �H, until the
supersymmetry breaking mass term begins to dominate
the potential when H �m� � O�1� TeV. The energy
density of the inflaton is initially larger than that of the
flat direction, as it should be, so the latter never domi-
nates the universe at this stage, since it behaves as � /
H2�2=�n�2�, whereas � / H2 for both the oscillating
inflaton and hidden radiation.

From then on, the flat direction field starts oscillat-
ing in a quadratic potential with the initial amplitude
�osc � �m�M

n�3=��1=�n�2�, and the energy density de-
creases as a�t��3. The field will decay when H � �d.
For a successful scenario, the flat direction has to domi-
nate the universe at the time of decay (note the difference
from the usual curvaton scenarios where the curvaton
does not necessarily have to dominate the universe).
One can achieve such a situation if the Hubble rate HEQ

at the time when �� � ��I�
rad satisfies HEQ > Hd.

In order to evaluate HEQ, let us first assume that the flat
direction starts its oscillation after the universe is domi-
nated by hidden radiation (Hosc <HRH). This is the case
shown in Fig. 1. Imposing the condition HEQ > Hd, we
get the constraint on � [see Eq. (1)] as

� & f��n�2�=2

�
m�

MP

��
M
MP

�
n�3

; (8)

where we take the decay rate of the flat direction to be
�d � f2m�=8� [see Eq. (2)].

In the opposite case, where the flat direction oscilla-
tions begin while the inflaton oscillations still dominate
the universe, i.e., Hosc > HRH, the energy density of the
flat direction will evolve as �� / H2, while �� / H3=2 in
the hidden radiation-dominated universe. Imposing both
HEQ > Hd and Hosc > HRH, we obtain exactly the same
constraint as given in Eq. (8).

In addition, we must demand that (a) the amplitude
of the flat direction is smaller than the cutoff scale,
�sr <M, (b) the scale of the inflation is smaller than
the Cosmic Background Explorer satellite constraint, 
 <
3� 10�2�1=4MP, and (c) the energy density of the flat
direction is smaller than that of the inflaton during in-
flation, V���=VI < 1 at � � �sr. These conditions from
Eqs. (5)–(7) can be expressed as constraints on �, which,
respectively, read as

�a� � * P1=2
� ; (9)

�b� � * �103�n�3P�n�2�=2
� ���n�3�=2

�
M
MP

�
n�3

; (10)
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�c� � * P1=2
�

�
M
MP

�
n�3

: (11)

Comparing these with the upper bound estimated
above in Eq. (8), we find that there are consistent scenar-
ios only for n � 6, since P� � 10�10 (n � 6 case is mar-
ginally consistent). However, we should also take note of
the fact that the extra energy density in the universe at the
BBN time should be less than about 10% of the total
density, which comes from the fact that the extra neutrino
species (or more precisely relativistic degrees of freedom)
should contribute �N� < 1. If the oscillation of the flat
direction dominates the universe long enough, say HEQ *

10Hd, this condition is easily satisfied. Therefore, we
conclude that only n � 7 flat directions are consistent
with our scenario.

Note that the thermal bath in the hidden sector is
completely decoupled from the SM sector, and hence its
temperature is expected to be much lower than the tem-
perature in the SM sector. The hidden energy density is
given by [19]

�hid �

�
ad
aEQ

�
�1
�obs �

�
f2
�
�MP

m�

�
4=�n�2�

 
�
2=3
�obs;

(12)

where  � 1 for Hosc <HRH,  � m�=HRH for Hosc >
HRH, and M � MP is assumed, so that the hidden radia-
tion can constitute typically at most 10% of the total
energy density (if the hidden sector contains massive
particles whose energy density will eventually dominate,
one should compare the density with the CDM density).

As is well known, most of the MSSM flat directions
carry baryon and/or lepton numbers, and act like the
Affleck-Dine (AD) field, which creates baryon (lepton)
asymmetry by virtue of the helical motion induced by the
A term in the potential [6,15]. In the present case the
energy density of the AD field dominates the universe,
and the baryon-to-entropy ratio would in general become
of order unity, which is 1010 times larger than the value
predicted by the BBN [20]. One way out of this impassé is
to suppress the phase � of the flat direction to be 10�10,
since the baryon number is proportional to sin�n�� � n�.
However, in that case the amplitude of the isocurvature
fluctuation of flat direction, !�=��Hinf=��, becomes
unacceptably large. Therefore, if the flat direction is to act
as a curvaton, it cannot possess any baryon (or lepton)
number. More precisely, since the flat direction decays
well above the electroweak scale, it can carry baryon
and lepton numbers, but not B� L. Otherwise, there will
be a huge baryonic and/or leptonic isocurvature fluctua-
tion. Unfortunately, no such direction with n � 7 exists
in MSSM.

However, there are two directions which do not receive
contributions to A terms from the nonrenormaliz-
able superpotential which lifts the flatness. They are the
091302-3



P H Y S I C A L R E V I E W L E T T E R S week ending
7 MARCH 2003VOLUME 90, NUMBER 9
directions n � 7 LLddd (lifted by HuLLLddd) and n �
9 QuQuQue (lifted by QuQuQuHdee). Since they are
lifted by superpotentials of the form �n�1 =Mn�3,
where  is the field other than the flat direction,
h i � 0 usually leads to a vanishing A term [21]. Thus,
these two directions do not produce any baryon and/or
lepton number, and are free of disastrous isocurvature
fluctuations. They seem to be excellent candidates for
all matter and for the adiabatic density perturbations in
models where inflation takes place in a hidden sector.

To summarize, we have discussed a simple scenario
where the decay [22] of the n � 7 or 9 MSSM flat direc-
tion creates ordinary matter such as quarks, leptons, and
the LSP dark matter, simultaneously providing adia-
batic density perturbations. Since the reheating tempera-
ture for the ordinary visible radiation comes out to be
�105 GeV, baryogenesis can take place at the electro-
weak phase transition. Moreover, the reheat temperature
is low enough to avoid any gravitino problem [23] in the
visible sector [24].

Although the situation described in this Letter is rather
radical in the sense that the inflaton is now in a com-
pletely hidden sector, such an assumption could, in fact,
be considered very natural on the basis that the inflaton
should anyway couple extremely weakly to the SM. Such
‘‘hidden inflation’’ has the virtue that generation of matter
and density perturbations can take place in a sector which
is testable in future accelerator experiments.
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