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Abundance of relativistic axions in a flaton model of Peccei-Quinn symmetry
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Flaton models of Peccei-Quinn symmetry have good particle physics motivation, and are likely to cause
thermal inflation leading to a well-defined cosmology. They can solve them problem, and generate viable
neutrino masses. Canonical flaton models predict an axion decay constantFPQ;1010 GeV and generic flaton
models giveFPQ*109 GeV as required by observation. The axion is a good candidate for cold dark matter in
all cases, because its density is diluted by flaton decay ifFPQ*1012 GeV. In addition to the dark matter
axions, a population of relativistic axions is produced by flaton decay, which at nucleosynthesis is equivalent
to some numberdNn of extra neutrino species. Focusing on the canonical model, containing three flaton
particles and two flatinos, we evaluate all of the flaton-flatino-axion interactions and the corresponding axionic
decay rates. They are compared with the dominant hadronic decay rates, for both DFSZ and KSVZ models.
These formulas provide the basis for a precise calculation of the equivalentdNn in terms of the parameters
~masses and couplings!. The KSVZ case is probably already ruled out by the existing bounddNn&1. The
DFSZ case is allowed in a significant region of parameter space, and will provide a possible explanation for
any future detection of nonzerodNn .

PACS number~s!: 14.80.Mz, 12.60.Jv, 98.80.Cq
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I. INTRODUCTION

With the discovery of instantons it was realized that t
uQCD parameter of the standard model can have impor
physical consequences. In particular, the inducedCP viola-
tion affects the electric dipole moment of the neutron, le
ing to the upper limituQCD<10210. An attractive explana-
tion for such a small parameter is provided by the Pec
Quinn ~PQ! mechanism@1,2#. There is supposed to be
spontaneously broken globalU(1) symmetry~PQ symme-
try!, which is also explicitly broken by the color anomaly. I
pseudo Goldstone boson is the axion. The PQ symmetr
spontaneously broken by some set of scalar fieldsf i ~el-
ementary or composite! with chargesQi , so that their PQ
transformation is

f i→eiQiaf i . ~1!

Denoting the vacuum expectation value^uf i u& by v i /A2, we
define the PQ symmetry breaking scaleFPQ by

FPQ
2 5(

i
Qi

2v i
2 . ~2!

~In definingFPQ, we use the canonical normalization of th
PQ charges, that the smallestQi

2 is set equal to 1.! Collider
and astrophysics constraints require roughly@3#

FPQ/N*109 GeV. ~3!
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The bound is actually 1 on the axion mass, whose relatio
FPQ is given by

ma56N31024
1010 GeV

FPQ
eV. ~4!

Here,N is the number of distinct vacua or, equivalently, t
number of domain walls meeting at each PQ string.

PQ charge will also be carried by fields which do n
spontaneously break PQ symmetry. We shall consider K
Shifman-Vainshtein-Zakharov~KSVZ! ~hadronic! models
@4# in which these are only some extra heavy quark sup
fields and Dine-Fischler-Srednicki-Zhitnitskii~DFSZ! @5#
models in which they are only standard model~SM! super-
fields.

We are concerned with models in which the fields bre
ing PQ symmetry are flatons. Flatons are fields whose t
level potential is flat in the limit of unbroken renormalizab
supersymmetry, which acquire nonzero vacuum expecta
values~VEVs! after soft supersymmetry breaking. We ma
the usual assumption, that the supersymmetry breakin
gravity mediated.

In the rest of this section we recall the essential featu
of flaton and non-flaton models of PQ symmetry. In the n
section we discuss in some detail the cosmology of fla
models. In Sec. III, we give the general structure of the fla
and flatino masses. In Sec. IV we analyze the general s
interactions between flatons and flatinos. In Sec. V we
the effect of the interaction of the flatons with the mat
fields. In Sec. VI we consider the implication of the nucle
©2000 The American Physical Society13-1
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synthesis bound on the energy density of relativistic axio
in particular, of a possible future bounddNn,0.1. We con-
clude in Sec. VII.

A. Models of PQ symmetry breaking

Let us consider the potential of the fieldsf i which break
PQ symmetry. In a supersymmetric model there have to b
least two, but for first orientation we pretend that there
only one. In the limit of exact PQ symmetry, its potent
will be of the form

V5V02m2ufu21
1

4
lufu41 (

n51

`

ln

ufu2n14

MPl
2n

. ~5!

MPl5(8pGN)21/252.431018 GeV is the reduced Planc
mass.

1. Non-flaton models

If the renormalizable couplingl is of order 1, the non-
renormalizable terms are negligible and the mass of the
dial oscillation ism;FPQ. ~Recall thatFPQ5A2Q^ufu&.!

Going on to the case where a number of fieldsf i ( i
51, . . . ,p) break PQ symmetry, there will bep particles
corresponding to the radial oscillations and~in addition to
the axion! p21 particles corresponding to the angular osc
lations. There will also bep superpartners with spin 1/2. In
non-supersymmetric theory all of these particles would h
mass of orderFPQ, but supersymmetry protects the mass
one scalar and one spin-1/2 particle.

Indeed, in the limit of unbroken supersymmetry, the h
lomorphy of the superpotential ensures that PQ symmetr
accompanied by a symmetry acting on the radial parts of
PQ charged fields:

f i→eQiaf i . ~6!

The corresponding pseudo Goldstone boson is called the
ion ~or saxino!, and the spin-1/2 partner of the axion or sa
ion is called the axino. With gravity-mediated supersymm
try breaking, the saxion and axino will typically both hav
soft masses of order 100 GeV, although specific models
ist @6# with an axino mass of order keV. In gauge-mediat
models, the saxion and axino will typically both have t
sub-keV mass.

In non-flaton models one can hope to understand a v
FPQ;1010 GeV since that is the supersymmetry breaki
scale@7#, but it may be hard to understand a bigger value

2. Flaton models

We are concerned with models@8–12# in which the fields
breaking PQ symmetry are flaton fields@13#. This means that
their tree-level potential is flat in the limit of unbroken
renormalizable supersymmetry. We assume that supers
metry breaking is gravity mediated, which is usual in t
context of flaton fields.

Considering first the case of one flaton with potential, E
~5!, the quartic term is~practically! zero, while the massm of
the flaton is of order 100 GeV to 1 TeV. When makin
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numerical estimates, we shall take, for definiteness,

m5102.560.5 GeV. ~7!

The leading non-renormalizable term generates a la
vacuum expectation value~VEV!,

FPQ5A2^ufu&;~mMPl
n /Aln!1/(n11). ~8!

Here, ln is the coefficient of the leading term in Eq.~5!,
which is expected to be roughly of order 1. In the casen
51 this gives a VEV of order 1010 GeV, but it can be big-
ger if n is bigger. Imposing the condition thatV ~practically!
vanish in the vacuum gives the height of the potential:

S V0
1/4

106 GeV
D ;S ^ufu&

1010 GeV
D 1/2

. ~9!

We are concerned with the case that thef i are flaton fields.
The scalar particles are now the axion, plus 2p21 flatons
with mass of order 100 GeV andp flatinos with masses o
the same order. The saxion, defined through Eq.~6!, is a
linear combination of flatons, while the axino~defined as the
partner of the axion plus saxion! is a linear combination of
flatino mass eigenstates. Neither of them has any special
nificance. In particular, the possibility of a keV-mass axi
does not exist in flaton models. In the models that we sh
consider, p52 so that there are three flatons and tw
flatinos.

B. Estimates ofF PQ

To estimate the magnitude ofFPQ in flaton models, we
begin with the schematic case of one flaton field, with pot
tial, Eq. ~5!.

Consider first the expected magnitude of the coefficie
ln in Eq. ~5!. In the case thatMPl represents the ultraviole
cutoff for the effective field theory, one usually assumesln
;1, butln;1/(2n14)! may be more realistic@14#. On the
other hand, one might quite reasonably suppose that the
off, call it LUV , is around the gauge coupling unificatio
scale 1022MPl @either because fields of a grand unifie
theory~GUT! have been integrated out, or because this is
true quantum gravity scale#. In that case, the estimateln
;1/(2n14)! to 1 would be reasonable ifMPl were changed
to LUV in Eq. ~5!. RetainingMPl , one should multiply the
estimate ofln by a factor (MPl /LUV)2n;104n. In view of
these considerations, we adopt as a reference the esti
1/(2n14)!&ln&104n, corresponding tol1

1/45100.260.8 and
l2

1/65100.361.0.
Using these estimates ofln , we can make estimates o

FPQ bearing in mind the uncertainty, Eq.~7!, in m. In these
and other estimates, we add in quadrature different un
tainties in the exponents. This procedure has no partic
basis, but at least it is better than ignoring the uncertain
completely or adding different estimates linearly. In the ca
at hand, the uncertainty is dominated by the large uncerta
that we assigned to theln . We take the PQ charge off to
be 1, so thatFPQ5A2^ufu&.
3-2
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Unless it is forbidden by symmetry, the leading termn
51 will be the one appearing in Eq.~8!, leading to

FPQ51010.460.9 GeV ~n51!. ~10!

If the leading term is n52, this becomes FPQ
51012.961.1 GeV. At highern, FPQ slowly increases, so fo
n.1 we have

FPQ.1011.8 GeV ~n.1!. ~11!

In the class of supersymmetric models that we shall consi
PQ symmetry is broken by two flaton fieldsfP andfQ, with
charges respectively 1 and 2n11. The fields interact, giving
the rather complicated potential, Eq.~30!, for n51 and one
of similar form @15# for larger n. In all cases, the VEVs o
both flaton fields are given roughly by Eq.~8!. There are
additional uncertainties because there are more soft pa
eters and factors involvingn, but in view of the large uncer
tainty we already assigned to the couplingln , Eqs.~10! and
~11! should still provide reasonable estimates.

II. COSMOLOGY AND DARK MATTER

A. Cosmology of the PQ fields

Generic models of PQ symmetry have many possible c
mological consequences, which have been discovered gr
ally over the years.

In all cases the axion lifetime is longer than the age of
Universe@2#, so that its present density must beVa<0.3 or
so, with the equality prevailing if axions are the dark matt
The density depends on whether the axions come f
strings or from the vacuum fluctuation of the axion fie
during inflation. ~In the latter case the axion density@16#
depends on our location in the Universe.! Strings may be
produced by a variety of mechanisms during@17# and after
inflation. The axion density depends also on the amoun
any entropy production after the axion mass switches on
temperature around 1 GeV. As a result there is no mo
independent prediction forVa as a function ofFPQ.

Within the usual framework of non-flaton models, the s
perpartners of the axion can also have a range of cosmo
cal consequences. An axino with a keV mass is a dark ma
candidate, which may be produced by a variety of mec
nisms and give rise to a variety of cosmological con
quences@18,6#. Alternatively, an axino with a 10 GeV mas
may be the cold dark matter@19#, as it can be the lightes
supersymmetric particle~LSP!. Finally, the saxion is a late
decaying particle which may be produced by thermal
other mechanisms. If it is sufficiently abundant to domin
the density of the Universe, it must decay well befo
nucleosynthesis, and before it does so it will dilute the ab
dance of pre-existing relics, including baryons and dark m
ter candidates@20,21#. If it is less abundant, it may deca
much later, and affect the formation of large-scale struct
@22#.

In contrast with this generic situation, the cosmology
flaton models is rather well defined, on the reasonable
sumption@23,15# that the PQ flaton fields generate an era
thermal inflation@24,25,23,26–28#, which is not followed by
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any other such era. Thermal inflation occurs long after or
nary inflation which is supposed to be the origin of structu
and may wipe out all previously existing relics. When
ends, PQ strings are produced, and flaton decay~the ana-
logue of saxion decay! produces a calculable amount of e
tropy, with the reheating at a calculable temperature in
range MeV–TeV. As a result, the axion density is in pri
ciple calculable, and appears to be compatible with the
served dark matter density for anyFPQ allowed by other
considerations~Sec. II C!. In other words, the axion is a
good dark matter candidate in flaton models. Finally,
flatinos ~the generalizations of the axino! cannot have the
keV mass, and for simplicity we assume that none of them
the LSP.

A unique feature of flaton models is that flaton dec
creates a highly relativistic population of axions@23,15#.
This population has nothing to do with the dark matter.
density at nucleosynthesis is equivalent to roughlydNn;1
extra neutrino species@15#. Flaton models of PQ symmetr
will therefore be a candidate for explaining a nonzerodNn

that may be established in the future, and the models wil
strongly constrained if the present bound@29# dNn&1 is
significantly tightened.

B. Thermal inflation and reheating

In the early Universe, with Hubble parameterH
*100 GeV, fields with the true soft massumu;100 GeV
are expected@30# to have an effective mass-squaredm2(t)
;6H2. ~During inflation this result might be avoided@31#,
but it should still hold afterwards@32–34#.! This applies in
particular to the flaton fields. Pretending for the moment t
there is only one flaton field, we focus on the case thatm2(t)
is positive in the early Universe, because thermal inflat
@24,25,23,26–28# then occurs, leading to rather definite pr
dictions for the cosmology.

Let us summarize the history. AfterH falls below umu,
there will be enough thermalization to holdf at the origin
until thermal inflation begins.~See Sec. III B of@23#.! Ther-
mal inflation begins when the potentialV0 dominates the
energy density. This is at the epochT;V0

1/4;106 GeV ~as-
suming for simplicity that full reheating has occurred by th
time!. Thermal inflation ends after; ln(V0

1/4/umu)&10
e-folds, when the temperature is of orderumu;100 GeV.

When thermal inflation ends, the flaton fieldf moves
away from the origin. Cosmic strings form, and betwe
them the roughly homogeneous flaton field starts to oscil
around its VEV. Corresponding to the oscillation is a pop
lation of flatons. We discuss in Sec. II D the possibility th
parametric resonance rapidly drains away the energy of
oscillation, finding that this phenomenon will probably n
occur and will in any case have little effect on the followin
considerations. Discounting parametric resonance, en
loss comes at first only from the Hubble drag, which is ne
ligible during one oscillation. The oscillation corresponds
flatons, with conserved number and non-relativistic rand
motion ~matter as opposed to radiation!. When the flatons
decay, the Universe thermalizes, at the reheat tempera
@23#
3-3
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TRH.100.3gRH
21/4AMPlG.1020.2A1022MPlcNchanm

3FPQ
22

~12!

5102.260.5S 1010 GeV

FPQ
D S m

102.5 GeV
D 3/2

GeV.

~13!

In the first expression,G is a typical flaton decay rate, whil
gRH;100 is the effective number of particle species atTRH.
In the second expressionNchan is the number of decay chan
nels,c is a factor of order 1 andm is a typical soft parameter
The factor 1022 in the estimate ofG is what one expects in
the case of unsuppressed couplings for a single decay c
nel @23#, and it is confirmed by, for instance, the estimates
Eq. ~54!, etc. There are in reality several channels, and
definiteness, we takecNchan5101.061.0, leading to the esti-
mate in the third line.

Adding in quadrature the uncertainty of Eq.~7!, we find

TRH5102.260.9S 1010 GeV

FPQ
D GeV. ~14!

In order not to upset nucleosynthesis, it is required to h
TRH*10 MeV, which corresponds to

FPQ&1015 GeV. ~15!

Using Eqs.~10!, ~11!, ~7! and ~13!, we estimate

TRH5101.861.3 GeV~n51!, ~16!

TRH&100.4 GeV~n.1!. ~17!

In this discussion of thermal inflation and its aftermath,
have retained the pretense that there is just one flaton fi
There are in the models we shall consider two flaton fie
fP and fQ , with the potential, Eq.~30!, or its n.1 ana-
logue. We assume thatmP

2(t) is positive in the early Uni-
verse, so that thermal inflation occurs. When thermal in
tion ends,fP moves away from the origin, and as a resultfQ
also moves away from the origin. At first the orbit in fie
space will be far from the VEV, but after a few Hubble tim
the Hubble drag will allow the VEV to attract the orbit to
wards it, so that there are almost sinusoidal oscillations
the eigenmodes around their vacuum values. These osc
tions are equivalent to the presence of the three specie
flaton, and each of them decays at the epoch specified by
~12!, with m the appropriate mass. The reheating proces
complete after the last decay has taken place.

C. Dark matter and baryons

1. Axionic dark matter

The axion number density is conserved after some ep
Tcons;1 GeV. In the casen51, TRH is larger thanTconsand
entropy is conserved too. The axion density is then expe
to be of the form
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Va5CS FPQ

1012 GeV
D 1.2

. ~18!

The constantC is in principle calculable from the dynamic
of the strings, walls and axions, derived ultimately from t
field equation of the flaton fields breaking PQ symmet
According to one group@35–37#, C;1 –10, while according
to another@38–41#, C;0.2. In view of this uncertainty,
which we emphasize is one of computation rather than p
ciple, we conclude that the axion is a good dark matter c
didate in the casen51 which corresponds to Eq.~10!. ~By a
‘‘good’’ candidate, we mean one whose density is predic
to be within at least a few orders of magnitude of the o
served dark matter density.!

In the casen.1, TRH is smaller thanTcons. Entropy is
produced until the epochTRH, giving @15#

Va5C̃S 1012 GeV

FPQ
D 0.44

, ~19!

with roughlyC̃;10C. At least ifC is not too large, the axion
is a good dark matter candidate in these models too@15#.

2. Baryogenesis and the LSP

If thermal inflation wipes out pre-existing relics, baryo
genesis has to occur after thermal inflation. The crucial fac
here is the final reheat temperatureTRH. Baryogenesis
mechanisms occurring at the electroweak phase trans
can operate ifTRH*100 GeV. This is possible in the ca
nonical casen51, but not in the casen.1. If TRH is
smaller, one must turn to other mechanisms, which are q
speculative. Proposals include a complicated Affleck-D
mechanism along the lines of@27#, QCD baryogenesis@42#
or parametric resonance baryogenesis@43#.

If the lightest supersymmetric particle is stable, it has
thermalize in order to avoid overproduction from flaton d
cay. This requiresTRH*mLSP/20 @15#, sayTRH more than a
few GeV. This is exactly what one expects in the casen
51. As is well known, a stable LSP is a good dark mat
candidate.

If the LSP is unstable~due toR-parity violation!, baryo-
genesis can occur simply by allowing a baryon-number v
lating flaton decay channel~the Dimopoulos-Hall mecha
nism @44#!. This mechanism requires DSFZ as opposed
KSVZ coupling to matter, and as we shall see the form
case is favored in flaton models. For the mechanism to w
final reheat must occur at a temperature less than a few G
@44#. This is likely for n.1, but looks rather unlikely in the
canonical casen51.

Let us summarize. In the canonical casen51, the LSP
can thermalize, and therefore can be stable so that it
good dark matter candidate just like the axion. In this ca
baryogenesis mechanisms involving the electroweak ph
transition can operate. In the casen.1, the LSP cannot ther
malize and therefore cannot be stable. Baryogenesis f
flaton decay~the Dimopoulos-Hall mechanism! is a natural
possibility in this case.
3-4
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3. Supermassive dark matter

We have seen that the axion is a good dark matter ca
date, and that in the canonical model the LSP is also a g
candidate. These conclusions hold both in the DFSZ
KSVZ cases. In the KSVZ case, there is a third good d
matter, namely the heavy quarksE,Ec, which are strongly
interacting massive particles~SIMPs!. Until thermal inflation
ends, the SIMPs are light and will be in thermal equilibriu
After thermal inflation ends, SIMPs acquire mass through
coupling fEEc to the flaton. The density of such particle
has been shown@28# to be naturally in the right ballpark.

The scenario of@28# should be contrasted with an earli
proposal@45#, that the supermassive particle is very hea
also in the early Universe and never in thermal equilibriu
Such a particle may be produced by the vacuum fluctua
during ordinary inflation@45# or by other mechanisms. In th
former case, each comoving wave number leaving the h
zon during inflation will acquire very roughly one partic
per quantum state@46–48#, leading very roughly to
@45,47,48#

V05S m

1014 GeV
D S H*

1014 GeV
D S TINFRH

109 GeV
D g. ~20!

In this expression,m is the mass of the superheavy partic
H* is the Hubble parameter during slow-roll inflatio
TINFRH is the temperature at reheat after slow-roll inflati
andg is the dilution caused by entropy production after th
epoch. In our case, thermal inflation will give roughlyg
;e210. One can adjust the other parameters to makeV0
;1, but in contrast with the LSP and the axion the requi
valueV0;1 is not favored over any other. In other word
this kind of supermassive dark candidate is not~in our
present state of knowledge! a good dark matter candidate
merely a possible one.1

D. Parametric resonance?

To check whether parametric resonance@49# occurs, we
make the very crude approximation that the sinusoidal os
lation corresponding to the three flatons is present from
very beginning. We also assume that the masses of the t
flatons are roughly the same or else that one of the am
tudes is much bigger than the others. Then the field equa
of the Fourier component of each produced fieldfn is a
Mathieu equation, leading to a situation that has been a
lyzed in the literature@49#. ~More realistic cases, including
the one where the oscillation starts at a maximum of
potential@50#, seem to give similar results.! The oscillation
of the real fieldf I corresponding to theI th flaton leads to an

1The same is true in the caseg51. In particular, the choicem
;H* advocated in@45# is not in fact particularly favored, bearin
in mind thatm is the true mass as opposed to the effective m
during inflation. Inflation with a potentialV5

1
2 mINF

2 f INF
2 indeed

ends whenH;mINF , but the inflaton fieldf INF is not supposed to
be stable and hence is not a dark matter candidate.
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oscillating mass-squaredmn
2(f I) for each of the produced

scalar fields. Parametric resonance occurs, leading to sig
cant production offn , if @51#

q[m0n
2 ~f I !/m

2*103. ~21!

In this formula, m;100 GeV is a typical oscillation fre-
quency, andm0n

2 (f I) is the amplitude ofmn
2(f I). The initial

amplitude of oscillation isf I0;FPQ. The scalar particles
that can be produced include the flatons and the axion, an
the DFSZ case also the standard model Higgs bosons
sfermions. From Secs. IV and V, each of these hasm0n
;100 GeV, makingq;1. The conclusion is that parametr
resonance probably does not occur, but a more detailed
culation is needed to say anything definite, especially in vi
of the extremely anharmonic nature of the initial oscillatio

Even if it occurs, the overall effect of parametric res
nance will not be dramatic, unless it leads to baryogene
@43#. Its initial effect is to quickly damp the flaton field os
cillation, producing flatons, axions and in the DFSZ ca
Higgs bosons and sfermions. The produced particles h
very roughly the same energy density, and are margin
relativistic except for the axions which are highly relativisti
The flatons are stable on the Hubble time scale while
Higgs bosons and sfermions decay into highly relativis
ordinary matter~plus the marginally relativistic LSP if it is
stable!. After a small number of Hubble times the energy
the highly relativistic particles becomes negligible. T
dominant energy is in non-relativistic flatons, coming par
from the parametric resonance and partly from the resid
homogeneous oscillation of the flaton fields. Except for
baryogenesis possibility, there is no change.

E. Relativistic axions

Now we come to the relativistic axions, which will be ou
concern for the rest of the paper. This axion populat
comes from the decay of the flatons@23,6# when they finally
reheat the Universe. Its density during nucleosynthesis
conveniently specified by the equivalent number of ex
neutrino species:

dNn[S ra

rn
D

NS

, ~22!

wherera is the energy density of relativistic axions, andrn is
the energy density of a single species of relativistic neutri

At present, constraints coming from nucleosynthesis
bedeviled by the fact that there are two separate allow
regions of parameter space, corresponding to ‘‘low’’ a
‘‘high’’ deuterium densities. In the ‘‘high’’ region, the
bound @29# at something like the 2s level is DNn,1.8,
while in the perhaps favored ‘‘low’’ region, the bound at
similar level isDNn,0.3. As we shall see, the flaton mode
predict dNn roughly of order 1, so that at least the seco
bound is quite constraining.

In the canonical model that we shall discuss, there
three flaton species, and in more general models there
more flatons. In general, each flaton species can decay

s

3-5
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relativistic hadronic matter X, into Xa where a denotes
relativistic axion, or into aa.~We neglect for simplicity the
small branching ratio into channels containing more axion!
Let us pretend first that there is one flatonf. The hadrons X
thermalize immediately, but the axions do not thermal
@15#, so their density at reheating is

ra5Bar r , ~23!

where

Ba[

G~f→aa!1
1

2
G~f→Xa!

G~f→X!
, ~24!

and the density of thermalized radiation is

r r5
p2

30
gRHTRH

4 .

After reheating,ra}(aRH/a)45(sNS/sRH)4/3, wherea is the
scale factor, ands is the entropy density of the particles
thermal equilibrium. The latter is given by s
5(2p2/45)gT3, whereg is the effective number of relativ
istic species in thermal equilibrium andT is their tempera-
ture. At the beginning of the nucleosynthesis era,g510.75
and

ra5Ba

p2

30
gRHS 10.75

gRH
D 4/3

TNS
4 . ~25!

The density of one neutrino species at that epoch is

rn5
p2

30

8

7
TNS

4 ,

so that

dNn[13.6gRH
21/3Ba52.9Ba. ~26!

For the last equality we usedgRH5100, appropriate ifTRH
;1 TeV. The alternative choicegRH.10 would reducedNn

by a factor of 2 or so.
In models with more flatons, denoted by a labelI, the

quantityBa to be used in Eq.~26! is given by

Ba[

(
I

nIFG~ I→aa!1
1

2
G~ I→Xa!G

(
I

nIG~ I→X!

, ~27!

where nI is the number density of the flatonI just before
reheating.

If the flaton fields suffered negligible energy loss un
they start their sinusoidal oscillation about their VEV, o
could in principle calculate thenI by solving the field equa-
tion of motion under the potential, Eq.~30!. The same thing
is possible if the energy loss can be calculated, the o
known paradigm for that purpose being the parametric re
09501
a

.

e

ly
o-

nance approximation. Such a calculation would be difficu
and its uncertainty impossible to quantify at present.

One can however say something useful without know
the nI , by considering the quantities

BI[

G~ I→aa!1
1

2
~ I→Xa!

G~ I→X!
. ~28!

If all of these quantities were equal, they would be equa
Ba. More usefully, if they are all known to have an upper
a lower boundr, in some regime of parameter space, thenBa
has the same bound. In the case of an upper bound,
concludes from Eq.~26! that dNn,4.4r , making the model
in this regimecompatiblewith a given bound ondNn if r is
small enough. In the case of an upper bound, one conclu
that dNn.4.4r , making the model in this regimeincompat-
ible with a given bound ifr is big enough.

III. FLATON AND FLATINO SPECTRUM

A. Superpotential

The model we consider contains two flaton superfieldsP̂

andQ̂, interacting with the superpotential@11,12#

Wflaton5
f

MPl
n

P̂n12Q̂. ~29!

We deal with the simplest casen51 and assign the PQ
charges21 and 3 toP̂ and Q̂, respectively. Here we note
that quantum gravity may break PQ symmetry, giving no
renormalizable terms which invalidate the PQ solution to
strong CP problem. A way to avoid this is to impose
certain discrete gauge symmetry forbidding sufficien
higher dimensional operators@52#. However, to have such a
discrete symmetry, one has to extend the model beyond
simple superpotential~29! under consideration. Our analys
can be applied to such extended cases with a straightforw
generalization.

With the inclusion of the soft supersymmetry~SUSY!
breaking terms and the cosmological constant, the poten
is

V5V01mP
2 ufPu21mQ

2 ufQu2

1
f 2

MPl
2 ~9ufPu4ufQu21ufPu6!1S Af

MPl
f fP

3fQ1H.c.D .

~30!

The soft parametersmP , mQ andAf are all of order 100GeV
in magnitude. It is assumed thatmP

2 andmQ
2 are both positive

at the Planck scale. The interactions offP with the right
handed neutrino superfields give radiative corrections wh
drive mP

2 to a negative value at the PQ scale, generat
VEVs vP andvQ for respectivelyufPu and ufQu. According
to Eqs. ~10! and ~11!, both VEVs are roughly of order
1010 GeV. As we shall discuss in Sec. III, the radial osc
3-6
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lations of the flaton fieldsfP and fQ correspond to two
flatons, while the angular oscillations correspond to a th
flaton and the axion.

B. Flaton spectrum

We write the flaton fields as

fP5
vP1P

A2
eiAP /vP

fQ5
vQ1Q

A2
eiAQ /vQ. ~31!

From now on, we shall takevP and vQ as the independen
parameters, trading withmP

2 and mQ
2 in the potential, Eq.

~30!. The VEVs are taken to real and positive, and we sh
take the other independent parametersAf and f to be real
with opposite sign.

The axion field is

a52
vP

FPQ
AP13

vQ

FPQ
AQ ~32!

where FPQ
2 5vP

2 19vQ
2 . The orthogonal field to the axion

~both areCP odd! corresponds to a flaton. It is

c852
vP

FPQ
AQ23

vQ

FPQ
AP . ~33!

With our choiceAf f ,0, the VEV is atc850, and the mass
squared is

Mc8
2

52
f AfvPFPQ

2

2MPlvQ
52

f

g
mAf~x219! ~34!

where

m

g
[

vPvQ

2MPl
~35!

x[
vP

vQ
. ~36!

For future convenience we have introduced a quantitym,
related to theg appearing only in the DFSZ model. At thi
stage results depend only on the ratiom/g defined by Eq.
~35! and they apply to both models.

The other two flatons correspond to theCP even fieldsP
andQ. They have a 2̂ 2 mass matrix whose components a
09501
d

ll

MQQ
2 5Mc8

2 x2

91x2

M PQ
2 59 f 2

vP
4

MPl
2 x

23
Mc8

2 x

91x2

53xS 12
f 2

g2
m22

Mc8
2

91x2D
M PP

2 53 f 2
vP

4 ~x213!

MPl
2 x2

23
Mc8

2

91x2

512
f 2

g2
~x213!m223

Mc8
2

91x2
. ~37!

Here two mass parametersmP
2 ,mQ

2 in Eq. ~30! are replaced
in favor of vP ,vQ . Performing the rotation from the flavo
basisuuP Quu to the mass basisuuF1 F2uu,

P5cosaF22sinaF1

Q5sinaF21cosaF1 , ~38!

we find the mixing anglea determined by

cos 2a5
M PP

2 2MQQ
2

MF2

2 2MF1

2
5e

x213

A9142x21x4

sin 2a5
2M PQ

2

MF2

2 2MF1

2
5e

6x

A9142x21x4
~39!

where e[sgnM PQ
2 as we have the relationMF2

2 2MF1

2

5uM PQ
2 /3xuA9142x21x4. Later, the decay rates can be e

pressed in terms of cos 2a and sin 2a without ambiguity in
fixing the anglea itself. The two eigenstatesF1 ,F2 have
masses

MF2,1

2 5
m2

2 F f

g S 12~x213!
f

g
1~32x2!

Af

m D
6U f

g S 12
f

g
1

Af

m D UA9142x21x4G ~40!

with MF2
.MF1

.

The requirementMF1

2 .0 gives the constraint

y1,y52
g Af

f m

91x2

4x2
,y2 , ~41!

where

y1,2[
91x2

8x2
~211x26A9142x21x4!

or
3-7



us

a

he

b
in

ive

ex-

,

in
nd

and

EUNG JIN CHUN, DENIS COMELLI, AND DAVID H. LYTH PHYSICAL REVIEW D 62 095013
1

2
~211x22A9142x21x4!

,2
g Af

f m
,

1

2
~211x21A9142x21x4!. ~42!

One can findMF1
,Mc8 for all the parameter space, and th

F1 is the lightest flaton.

C. Flatino spectrum

From the superpotentialWflaton we can directly extract
also the flatino’s mass matrix whose eigenvalues are

MF̃2,1

2
5

9

4

Mc8
2

y x2
@x21262Ax211#

59
f 2

g2
m2@x21262Ax211#. ~43!

The eigenstatesF̃1 ,F̃2 are related to the flavor statesP̃,Q̃ by

F̃15cosã P̃1sinãQ̃

F̃252sinã P̃1cosãQ̃ ~44!

where the angleã is determined by

cos 2ã52
1

A11x2

sin 2ã52
x

A11x2
. ~45!

A parameter space analysis indicates that we have alw
MF1

<2MF̃1
. This automatically forbids the decay ofF1 to

flatinos, leaving open only the decay into flatinos of t
heavierF2 andc8 flatons.

IV. DECAYS INVOLVING ONLY FLATONS, FLATINOS
AND AXIONS

In this section, we analyze the various decay rates
tween flatonic fields. We begin with the decay channels
duced by the kinetic term and the superpotentialWflaton,
which are common to the KSVZ and DFSZ models.

A. Derivative and cubic interaction terms between flatons

The flaton interaction terms with at least one derivat
are given by the Lagrangian
09501
ys

e-
-

L]5
2 vP P1P2

2vP
2 F vP

2

FPQ
2 ~]a!219

vQ
2

FPQ
2 ~]c8!2

16
vQvP

FPQ
2

]c8]aG1
2 vQ Q1Q2

2vQ
2

3F9
vQ

2

FPQ
2 ~]a!21

vP
2

FPQ
2 ~]c8!226

vQvP

FPQ
2

]c8]aG .

~46!

From this expression we can extract the following terms
pressed in mass eigenstates:

~i! the trilinear derivative interactions with no axions,

~]c8!2
1

FPQxAx219
@~29 sina1x3cosa!F1

1~9 cosa1x3sina!F2#; ~47!

~ii ! the trilinear derivative interactions with only one axion

LFic8a5]c8]a
6

FPQAx219
@~cosa2x sina!F2

2~sina1x cosa!F1#; ~48!

~iii ! the trilinear derivative interactions with two axions,

LFiaa5u]mau2
1

FPQAx219
@~9 cosa2x sina!F1

1~9 sina1x cosa!F2#. ~49!

All the above derivative interactions can be transformed
scalar interactions if we are working at the tree level a
with on-shell external particles:

f1~]mf2!~]mf3!5
1

2
~Mf1

2 2Mf2

2 2Mf3

2 !f1f2f3 .

~50!

The cubic interactions come also from the superpotential
the soft terms:

Lf35S 9

2
f 2

vPvQ
2

MPl
2

1
5

2
f 2

vP
3

MPl
2

2
Mc8

2 vQx

vP
2 ~x219!

D P3

1S 27

2
f 2

vP
2vQ

MPl
2

23
Mc8

2 x

vP~x219!
D P2Q1S 9

2
f 2

vP
3

MPl
2 D PQ2

1S 3 f

4

AfFPQ
2

MPlvQ
D Pc8c81S f

4

AfFPQ
2 vP

MPlvQ
2 D Qc8c8. ~51!

In the mass basis, we get
3-8
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LF2F1F1
5H 23

Mc8
2 sina

FPQxA91x2
~22x cos2a1x sin2a

1 cosa sina!1
6 f 2 m2Ax219

g2xFPQ

3~218 cos2a sina x19 sin3a x13 cos3a x2

2cosa sin2a~291x2!!J F1
2F2

[
AF2F1F1

2
F1

2F2 . ~52!

For the full trilinearF2c8c8 interaction, we have to add u
the terms in Eqs.~47! and ~51! to obtain

LF2c8c85
MF2

2

2xA91x2FPQ
F2~3 sina1x cosa!~x219!

Mc8
2

MF2

2

1~9 cosa1sinax3!S 122
Mc8

2

MF2

2 D GF2c8c8

[
AF2c8c8

2
c82F2 . ~53!

Collecting the above formulas one finds the decay ra
among flatons and axions:

G~F2→aa!5
1

32p

MF2

3

FPQ
2 ~x219!

~x cosa19 sina!2

~54!

G~F1→aa!5
1

32p

MF1

3

FPQ
2 ~x219!

~2x sina19 cosa!2

~55!

G~F2→F1F1!5
1

32pMF2

A124
MF1

2

MF2

2
uAF2F1F1

u2

~56!

G~F2→c8c8!5
1

32pMF2

A124
Mc8

2

MF2

2
uAF2c8c8u

2

~57!

G~F2→ac8!5
1

16p

MF2

3

FPQ
2 ~x219! S 12

Mc8
2

MF2

2 D 3

3~3 cosa23x sina!2 ~58!
09501
s

G~c8→aF2!5
1

16p

Mc8
3

FPQ
2 ~x219!

S 12
MF2

2

Mc8
2 D 3

3~3 cosa23x sina!2 ~59!

G~c8→aF1!5
1

16p

Mc8
3

FPQ
2 ~x219!

S 12
MF1

2

Mc8
2 D 3

3~3sina13x cosa!2. ~60!

Energy conservation will of course forbid some of these
actions, depending on the flaton masses. AsMF1

,Mc8 the

channelsF1→c8c8 andF1→c8a are always forbidden.

B. Interaction terms between flatons and flatinos

The trilinear Lagrangian terms responsible for the dec
of flatons or flatinos are

Lff̃̄f̃5
3 f

2MPl
S ~vPQ1vQP! P̄̃P̃1 i

vP
2 13vQ

2

FPQ
c8 P̄̃g5P̃

2 i2
vPvQ

FPQ
aP̄̃g5P̃D 1

3 f

2MPl
S 2PvPP̄̃Q̃

12i
vP

FPQ
~3vQc81vPa! P̄̃g5Q̃D ~61!

~the tilded fields are the fermionic superpartner of the resp
tive P and Q scalars!. Let us denote the Yukawa coupling
between the flaton~or the axion! and the flatinos in mass

basis by2LYuk5Yi jkf i F̄̃ j (1,g5)F̃k/2 whereg5 is taken for
f i5a,c8. We find from Eq.~61! the following expressions
for the Yukawa couplings:

YF1F̃1F̃1
5

6 f mAx219

gxFPQ
@~x cosa2sina!cos2ã

2x sina sin2ã#

YF1F̃2F̃2
5

6 f mAx219

gxFPQ
@~x cosa2sina!sin2ã

1x sina sin 2ã#

YF1F̃1F̃2
5

6 f mAx219

gxFPQ
F2x sina cos 2ã

1
1

2
~sina2x cosa!sin 2ãG

YF2F̃1F̃1
5

6 f mAx219

gxFPQ
@~x sina1cosa!cos2ã

1x cosa sin 2ã#
3-9
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YF2F̃2F̃2
5

6 f mAx219

gxFPQ
@~x sina1cosa!sin2ã

2x cosa sin 2ã#

YF2F̃1F̃2
5

6 f mAx219

gxFPQ
F1x cosa cos 2ã

2
1

2
~cosa1x sina!sin 2ã G

Yc8F̃1F̃1
5

6 f m

gxFPQ
@2~31x2!cos2ã23x sin 2ã#

Yc8F̃2F̃2
5

6 f m

gxFPQ
@2~31x2!sin2ã13x sin 2ã#

Yc8F̃1F̃2
5

6 f m

gxFPQ
F23x cos 2ã1

1

2
~31x2!sin 2ã G

YaF̃1F̃1
5

6 f m

gxFPQ
@2x cos2ã2x2sin 2ã#

YaF̃2F̃2
5

6 f m

gxFPQ
@2x sin2ã1x2sin 2ã#

YaF̃1F̃2
5

6 f m

gxFPQ
@2x2cos 2ã2x sin 2ã#. ~62!

From this we can extract the decay rates forFi→F̃ j F̃k , c8

→F̃ j F̃k , or F̃2→F̃1Fi(c8,a):

G~Fi→F̃ j F̃k!5
MFi

8p
SS 12

~MF̃j
1MF̃k

!2

MFi

2 D 3/2

3S 12
~MF̃j

2MF̃k
!2

MFi

2 D 1/2

Y
FiF̃j F̃k

2

~63!

G~c8→F̃ j F̃k!5
Mc8
8p

SS 12
~MF̃j

1MF̃k
!2

Mc8
2 D 1/2

3S 12
~MF̃j

2MF̃k

2

Mc8
2 D 3/2

Y
c8F̃j F̃k

2

~64!
09501
G~ F̃2→F̃1Fi !5
MF̃2

16p S 12
~MF̃1

1MFi
!2

M
F̃2

2 D 1/2

3S 12
~MF̃1

2MFi
!2

M
F̃2

2 D 1/2

3F S 11
MF̃1

MF̃2

D 2

2
MFi

2

M
F̃2

2 GY
FiF̃1F̃2

2

~65!

G~ F̃2→F̃1c8!5
MF̃2

16p S 12
~MF̃1

1Mc8!
2

M
F̃2

2 D 1/2

3S 12
~MF̃1

2Mc8!
2

M
F̃2

2 D 1/2

3F S 12
MF̃1

MF̃2

D 2

2
Mc8

2

M
F̃2

2 GY
c8F̃1F̃2

2

~66!

G~ F̃2→F̃1a!5
MF̃2

16p S 12

M
F̃1

2

M
F̃2

2 D S 12
MF̃1

MF̃2

D 2

Y
aF̃1F̃2

2

~67!

whereS is a symmetric factor~1/2 for identical final states o
otherwise 1!.

V. INTERACTION OF FLATONS AND FLATINOS
WITH MATTER FIELDS

Now we study the interactions of the flatons with mat
and supermatter. Through these interactions the flatons
flatinos decay into ordinary matter and axions, and the p
duction of the latter must be sufficiently suppressed to sat
the nucleosynthesis limit on the effective numberdNn of
extra neutrino species.~In this paper, we are for simplicity
assuming tht no flatino is stable!.

A. KSVZ model: Interactions between flatons and gluons

In the KSVZ ~hadronic! model, the interaction with mat
ter is

Wflaton matter5hEi
Êi Êi

cP̂ ~68!

where Êi and Êi
c are additional heavy quark and antiqua

superfields.
The only decay mode available for the flatons is into tw

gluons coming from the anomaly~when the space phase wi
be available, we have to take into account also the decay
3-10
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massive gluinos; in this discussion we neglect such a po
bility !. The respective one loop corrected decay rates ar

G~F1→g1g!5
aS

2~MF1
!

72p3
NE

2
MF1

3

x2 FPQ
2 ~x219!sin2a

3S 11
95

4

aS~MF1
!

p
D

G~F2→g1g!5
aS

2~MF2
!

72p3
NE

2
MF2

3

x2 FPQ
2 ~x219!cos2a

3S 11
95

4

aS~MF2
!

p
D ~69!

whereNE is the total number of the superheavy exotic qua
fields (ME5hEvP@MFi

). We do not consider the flatino
decay into a gluon and a gluino which will be irrelevant f
our discussion.

B. DFSZ model: Interactions between flatons and flatinos
and ordinary matter

In the DFSZ model, the interaction is

Wflaton matter5
1

2
lN̂N̂P̂1

g

MPl
Ĥ1Ĥ2P̂Q̂ ~70!

whereN̂ are the right handed neutrino superfields andĤ1,2
the two Higgs doublets. Because of the second term, we
provide a solution to them problem@53#. In such a case we
can add to the superpotential of the minimal supersymme
standard model also the termshn l̂ Ĥ2N̂ that generate the nec
essary mixing between left and right neutrinos to implem
a seesaw mechanism which can explain the solar and a
spheric neutrino deficits.

The decay properties of the flatons now involve the dir
interactions between flatons and ordinary matter and su
matter. In general the interaction between flatons and Hi
fields is quite interesting due to the fact that these two s
tors, after the spontaneous breaking of the PQ and the
symmetry, mix together. We notice that the Peccei-Qu
symmetry prevents the introduction of a SUSY invaria
mass termmH1H2, solving automatically the so-calledm
mass problem as mentioned before.

Let us start by writing the Higgs-boson–flaton potentia

V~H,f!5uH1u2S mH1

2 1Ug fPfQ

MPl
U2D1uH2u2

3S mH2

2 1Ug fPfQ

MPl
U2D1H gH1H2S Ag

fPfQ

MPl

13 f *
fP*

2ufQu2

MPl
2

1 f *
fP*

2ufPu2

MPl
2 D 1c.c.J

1
1

8
~g21g82!~ uH1u22uH2u2!2. ~71!

When the fieldsfP,Q get VEVs, them3
2H1H2 mass term is

generated dynamically. The size of such a term is fixed
09501
si-

k

an

ic

t
o-

t
r-
s

c-
W
n
t

m3
25mS Ag1

f

g
m~x213! D . ~72!

In the limit um3
2u@MW

2 the masses of the pseudoscalarA0, of
theCP even scalar Higgs fieldH0 and of the charged Higgs
fields H6 are almost degenerate,

MA0,H0,H6
2 .2

m3
2

sinb cosb
, ~73!

so from the constraint of positivity of such masses we ge

Ag

m
1

f

g
~x213!<0. ~74!

In such a limit we also know that the mass eigenstates of
CP even electroweak sectorH0,h0 and of theCP odd one
A0,G0 are

H052sinb h1
01cosb h2

0

h05cosb h1
01sinb h2

0

A05sinb A1
01cosb A2

0

G05cosb A1
02sinb A2

0 ~75!

where H15(1/A2)(v11h1
01 iA1

0) and H25(1/A2)(v21h2
0

1 iA2
0) are the gauge eigenstates and tanb5v2 /v1. To allow

the flaton decay intoA0, we want it to be light so that smal
tanb is preferred in our discussion. Hereafter we will ta
tanb51.

From Eq.~71!, we find

VFhh5
1

2
m2~h1

021h2
021A1

021A2
02!S P

vP
1

Q

vQ
D

1
1

2
@~h1

0h2
02A1

0A2
0!1 i ~h1

0A2
01h2

0A1
0!#

3FAgmS P

vP
1

Q

vQ
2 i

x213

xFPQ
c8D16

f

g
m2

3S P

vP
1

Q

vQ
1 i

3

xFPQ
c8D1x2

f

g
m2

3S 4
P

vP
1 i

6

xFPQ
c8D G1c.c. ~76!

It is then a simple matter to get the decay rates for the ki
matically more favorable decay channelsF1,2→h0h0 andc
→h0A0:
3-11
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G~F1→h0h0!5
MF1

3

32pFPQ
2

~x219!

16x2

m4

MF1

4

3S 12
4Mh0

2

MF1

2 D 1/2

uAF1hhu2

G~F2→h0h0!5
MF2

3

32pFPQ
2

~x219!

16x2

m4

MF2

4

3S 12
4Mh0

2

MF2

2 D 1/2

uAF2hhu2

G~c8→h0A0!5
Mc8

3

16pFPQ
2

m4

Mc8
4

3S 12
~Mh02MA0!2

Mc8
2 D 1/2

3S 12
~Mh01MA0!2

Mc8
2 D 1/2

uAchAu2

~77!

where

AF1hh5sin 2bF S Ag

m
16

f

gD ~x cosa2sina!24x2
f

g
sinaG

12~x cosa2sina!

AF2hh5sin 2bF S Ag

m
16

f

gD ~x sina1cosa!14x2
f

g
cosaG

12~x sina1cosa!

Ac8hA5S Ag

m
26

f

gD ~x213!

x
. ~78!

The flatino decay into ordinary particles comes from t
superpotential W5(g/MPl)Ĥ1Ĥ2P̂Q̂. We find that the
flatino decay into a Higgs boson and a Higgsino~more pre-
cisely, the lightest neutralinox1) has the rate
09501
G~ F̃ i→x1h0!5

M
F̃i

3

8pFPQ
2

m2

M
F̃i

2 ~x219!2CF̃i

2

3S 12
~Mx1

1Mh0!2

M
F̃i

2 D 1/2

3F S 11
Mx1

MF̃i

D 2

2
Mh0

2

M
F̃I

2 G
~79!

where CF̃1
5(sinã1x21cosã)Nx1

and CF̃2
5(cosã

2x21sinã)Nx1
. HereNx1

denotes the fraction of lightest neu
tralinos in Higgsinos.

Let us now consider the flaton decay into ordinary ferm
ons or sfermions. The mixing terms between flaton a
Higgs fields allow a direct tree level coupling~after full mass
matrix diagonalization! between the usual fermions and fl
tons. Parametrizing such a mixing with the parameteruFH
the effective flaton-fermion interaction ishfuFH so that the
rate of decay is

G~Fi→ f 1 f̄ !5Nc

hf
2uFH

2

16p
MFiS 124

mf
2

MFi

2 D 3/2

~80!

where Nc is a color factor for the fermionf. Since uFH
.(vEW /FPQ),

G~Fi→ f 1 f̄ !/G~Fi→a1a!;hf
2vEW

2 /MFi

2 ;mf
2/MFi

2 &1.

~81!

Therefore, the rate of the flaton decay into ordinary fermio
cannot be made sufficiently larger than that into axions.

For the coupling between sfermions and flatons, we h
two contributions. One is a direct coupling coming from t
scalar potential

VF f̃ f̃5
m

FPQ
Ax219

x

v1

A2
~hd tanbD̃L* D̃R* 1he

3tanbẼL* ẼR* 1huŨL* ŨR* !@F1~x cosa2sina!

1F2~cosa1x sina!#1H.c. ~82!

whereD̃* denote down-type squarks, etc.
The other arises from an indirect coupling induced by

mixing between Higgs and flaton fields as for the fermi
case. Taking into consideration the cubic softA terms we
find

Ve f f5hdAd uFi H1
FiD̃LD̃R1heAe uFi H1

FiẼLẼR

1huAu uFi H2
FiŨLŨR ~83!

so that effectively we have couplings of the size
3-12
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GF s f ermion;hf~m1Af !
vEW

FPQ
. ~84!

Diagonalizing the sfermion mass matrix we can writef̃ Rf̃ L

5a11f̃ 1 f̃ 11a22f̃ 2 f̃ 21a12f̃ 1 f̃ 2 ~where aii }hf so for hf→0
we havea12→1). Considering the decay of the light flato
we get

G~F1→ f̃ i1 f̃ j !.Nc

GF f̃
2

64p MF1

ai j
2A124

mf̃
2

MF1

2
. ~85!

As observed in Ref.@15#, the flaton may decay efficiently to
two light top squarks asht;1 andai j ;1 and thus a large
splitting between light and heavy top squarks helps incre
ing the flaton decay rate to light top squarks. This kind
mass splitting occurs also in the Higgs sector and furth
more the light Higgs boson (h0) is usually substantially
lighter than the heavy Higgs boson (H0) in the minimal su-
persymmetric standard model. This should be contraste
the case with the mass splitting for top squarks which
quires some adjustment in soft parameters. In this pape
concentrate on the flaton decay into Higgs bosons, as
probably dominant mode, which in any case provides
lower bound on the decay rates to ordinary matter and th
fore an upper bound ondNn .

VI. PARAMETER SPACE ANALYSIS
We have now evaluated all of the direct decay rates

flatons and flatinos into channels involving axions, as su
marized in Table I. We have also evaluated some of
contributions to the direct decay rates of flatons and flati
into hadronic matter X. The ultimate objective is to evalua
the decay ratesG(I→X), G(I→Xa), andG(I→aa) for each
of the three flaton species, so as to evaluatedNn through
Eqs.~26! and~27!. For the reactionsFi→aa andF1→X, the
direct rates are the same as the total rates, but in the o
cases one has to consider also chain reactions. The reac
F2→X and c8→X can go either directly or through chain
and their rates are

TABLE I. Direct decay channels involving only flatons (I

5F1 , F2 andc8), flatinos (F̃1 andF̃2), and the axion~a!. The only
decays which must occur areFi→aa, c8→aF1, and either c8
→aF2 or F2→c8a. Any of the others may be forbidden by ener
conservation, if the decaying particle is too light.

F1 F2 c8 F̃1 F̃2

aa aa aF1 None F̃1I
ac8 aF2

F̃ i F̃ j F̃ i F̃ j

F1F1

c8c8
09501
s-
f
r-

to
-
e

he
a
e-

r
-
e
s

e

er
ons

G~c8→X!5Gdir~c8→X!1G~c8→F̃1F̃1!

1G~c8→F̃1F̃2!B~ F̃2→X!

1G~c8→F̃2F̃2!B2~ F̃2→X!

G~F2→X!5Gdir~F2→X!1G~F2→F̃1F̃1!

1G~F2→F̃1F̃2!B~ F̃2→X!

1G~F2→F̃2F̃2!B2~ F̃2→X!,
~86!

whereB denotes a branching ratio. The reactionsc8→aX,
F2→aX can go only through chains, and their branchi
ratios are

G~c8→aX!5G~c8→aF2!B~F2→X!

1G~c8→F̃1F̃2!B~ F̃2→F̃1a!

12G~c8→F̃2F̃2!B~ F̃2→F̃1a!B~ F̃2→X!

G~F2→aX!5G~F2→ac8!B~c8→X!

1G~F2→F̃1F̃2!B~ F̃2→F̃1a!

12G~F2→F̃2F̃2!B~ F̃2→F̃1a!B~ F̃2→X!

12G~F2→c8c8!B~c8→aX!B~c8→X!.
~87!

The rates for producing more axions are likely to be su
pressed, because every term in the analogous expres
contain the product of more than two or more branch
ratios.

Through Eqs.~26! and~27!, these expressions provide th
basis for a calculation ofdNn , as a function of the param
eters, if the relative values of the initial flaton densitiesnI are
known. Here, we perform a less ambitious task, of trying
identify a region of parameter space allowed by an up
bounddNn of order 1–0.1.~Recall that the former bound i
roughly the present one@29#, while improvements in the
foreseeable future will either tighten the limit by an order
magnitude or else detect a nonzerodNn .) We shall find that
such a region probably does not exist in the KSVZ case,
that it certainly does exist in the DFSZ case.

A. Parameter space of KSVZ models

As discussed already, the flatonsF1,2 can decay into two
gluons, so let us try to see if the generous requireme
BF1,2

5G(F1,2→aa)/G(F1,2→gg),3 @see Eq.~26!# can be
fulfilled in any region of parameter space. From Eqs.~54!,
~55! and ~69!, we get
3-13
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BF1

21.831024NE
2 S sina~x219!

x~9 cosa2x sina! D
2

BF2

21.831024NE
2 S cosa~x219!

x~9 sina1x cosa! D
2

~88!

for aS(MF).0.1. With e511, we find that BF1

21,7

31024NE
2 for any value ofx, and BF2

21,631024NE
2/x4 in

the limit x→0. Therefore,BF2
can be made small enough fo

x;0.1 butBF1
cannot, taking a reasonable value ofNE . A

way out would come from a cosmological evolution of t
flatons. That is, one could imagine a situation in which
flatons oscillate only along the direction ofF2 so that the
populations ofF1 and c8 ~which can decay into aF1) are
suppressed by the order of 104 compared to that ofF2. But
this is not probable. On can find similar behavior fore5
21 in which caseBF1

can be made small in the limitx

→0.

B. Parameter space of DFSZ models

In this subsection, we will try to find a region of param
eter space of the DFSZ models. For this, we consider ra
stringent requirement:BI&0.1 for all three flatons and two
flatinos. According to Sec. II E, this requirement will ensu
that dNn&0.1. Our strategy is to first write down a set
conditions which ensure the requirement, and then to iden
a region of parameter space in which these conditions
satisfied.

1. Conditions

We first note that the decay rates calculated in the pr
ous sections are functions of the 4 variablesx5vP /vQ , f /g,
Af /m and Ag /m disregarding their overall dependence
FPQ. To be as independent as possible of the soft supers
metry breaking parameters we will try to make analytic co
putations on the rates of the flaton decays into Higgs p
ticles, in particular into the lightest Higgs boson (h0) whose
mass has an automatic upper bound of;140 GeV@54#. We
will concentrate on the region withf /g negative andu f /gu
!1 andx@1.

To open the decay channels of the flatons into Higgs p
ticles we have, in particular, to imposeMc8.MA.0 which
requiresAg /m,(u f /gu)x2 with

U f

g

Af

m U x2.2 UAg

m
1

f

g
x2U. ~89!

The positivity of flaton masses requires

UAf

m U,x2U f

gU. ~90!

In case the flatino production rates are sizable, we also
poseRF̃2

[G(F̃2→x1h0)/G(F̃2→aF̃1).10 andMF̃1
.Mx1
09501
e

er

fy
re

i-

m-
-
r-

r-

-

1Mh0 to open the decay modeF̃1→x1h0. These two condi-
tions give rise to the restrictions

u f /gu,0.02x Nx1
and U f

gU. 1

3 x
. ~91!

For the latter condition, we requiredMF̃1
.m.

Then we study, in our limit, the constraints given by t
conditions Rc8[G(c8→h0A0)/G(c8→aF1).10 and RFi

[G(Fi→h0h0)/G(Fi→aa).10. The ratiosR are

Rc8;
1

144S g

f D
2m2

Af
2 S Ag

m
26

f

gD 2

RF1
;

1

4

m4

MF1

4 S Ag

m
22

f

g
x212D 2

RF2
;1023 x4

m4

MF2

4 S Ag

m
118

f

g
12D 2

~92!

where MF1

2 ;u( f /g)Af /mux2m2 and MF2

2 ;12 (f 2/g2)x2m2

for Af /m,12u f /gu, andMF1
↔MF2

for Af /m.12u f /gu.

2. Viable region of parameter space

Now we identify a region of parameter space, in whi
the above conditions are all satisfied. Recall that we are c
sidering only the regionx2@1, f /g negative, andu f /gu!1.
Within this region, we consider the four regions

~ I! UAg

m U.U f

gU x2

~ II ! 2,UAg

m U,U f

gU x2

~ III ! U f

gU,UAg

m U,2

~ IV ! UAg

m U,U f

gU.
Depending onAf /m,12u f /gu or Af /m.12u f /gu we define
regionsa or regionb.

We find that all of thea regions are forbidden, and so
the IVb region. The constraints for the other regions are
follows:

~ Ib! x.14, Ag,0, 12U f

gU,UAf

m U
1,

1

2 UAf

m U,U f

gU x2

2
,UAg

m U,2S U f

gUx
2

2 D 2

; ~93!

~ IIb! x.9, Ag.0, U f

gU,331022

2,UAf

m U,U f

gU x2, 2,UAg

m U,U f

gU x2; ~94!
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~ III b! Ag.0, 1,2U f

gUx2,

2U f

gU,UAf

m UU f

gU,231022, U f

gU,UAg

m U,2. ~95!

In addition to these conditions, we need to add the origi
requirements, thatf /g be negative withu f /gu!1. ~The latter
condition is automatically satisfied in regions IIb and IIIb ,
but not in region Ib .! The other original requirementx@1 is
automatically satisfied in all three regions. Note that in
cases one requiresx2u f /gu*1.

Within each of these allowed regions, the parameters
take on their natural valuesuAf u;uAgu;umu;100 GeV,
vP;vQ and u f u;ugu;1, within a factor of 10 or so.

VII. CONCLUSIONS

We have explored the cosmology of a supersymme
extension of the standard model, which has a Peccei-Q
symmetry broken only by two ‘‘flaton’’ fieldsfP and fQ .
They have two radial modes of oscillation and one angu
mode ~plus the axion!, corresponding to three flatons wit
mass of order 100 GeV, and there are two flatinos w
roughly the same mass. The flatons are the generalizatio
the saxion which appears in non-flaton models, and the fl
nos are the generalizations of the axino.

The flaton models have the virtue thatFPQ is predicted in
terms of the electroweak scale and the Planck or GUT sc
In the canonical model we have estimatedFPQ
;1010.460.9 GeV, and in the more complicated onesFPQ
*1011.8 GeV.

We have assumed thatfP has a positive effective mas
squared in the early Universe, so that thermal inflation
curs, allowing rather definite predictions. The axion is a go
dark matter candidate in all cases.~By good dark matter
candidate we mean one whose density is predicted to
roughly in the right ballpark.! Bearing in mind that PQ
strings are produced after thermal inflation, this simply c
responds to the received wisdom in the canonical case w
FPQ;1010 GeV. But the axion is also a good candida
,

Re

09501
l

ll

n

ic
nn

r

h
of

ti-

le.

-
d

be

-
re

whenFPQ is larger, because entropy production from flat
decay more than compensates for the increased axion de
before flaton decay. Besides the axion, the LSP is als
good dark matter candidate in the canonical model.~In the
other models, the reheat temperature is too low to therma
the LSP, which must therefore be unstable.! In KSVZ mod-
els, a third good candidate is the supermassive part
whose mass comes mostly from a coupling to one of
flatons.

Our main concern has been with the highly relativis
axion population that is produced by flaton decay. It rema
relativistic to the present and therefore makes no contri
tion to the dark matter, but it is dangerous for nucleosynt
sis because it is equivalent to very roughlydNn;1 extra
neutrino species. At present, the bound at something like
2s level is dNn,1.8 for the ‘‘high’’ deuterium nucleosyn-
thesis scenario anddNn,0.3 for the perhaps favored ‘‘low’’
deuterium scenario. In the foreseeable future one will eit
have a bounddNn&0.1 or a detection ofdNn .

We have calculated the rates for all relevant channels
examined the constraint that the energy density of these
ions not upset the predictions of the standard nucleosyn
sis. We confirm the earlier conjecture, that the KSVZ cas
probably ruled out even by the present bounddNn&1. For
the DFSZ case there are more decay channels. To e
complicated phase space suppressions we concentrate o
decay of the flatons into Higgs bosons, as the masses o
lightest Higgs boson has naturally a relatively low upp
bound and the mass of the other Higgs boson and fla
fields are fixed by the parameters of the flatonic poten
itself. In this way, we have found a region of parame
space in whichdNn will certainly be&0.1 and in which the
parameters can take on their natural values within a facto
10 or so. In its DFSZ version, the flaton model of PQ sy
metry breaking will be a candidate for explaining a futu
detection of nonzerodNn .

An interesting question, lying beyond the present inve
gation, is whether the allowed region of parameter space
be achieved in a supergravity model with universal soft
rameters.
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