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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 solveuth@oblem, and generate viable
neutrino masses. Canonical flaton models predict an axion decay coﬁs@nlolo GeV and generic flaton
models giveF po= 10° 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 dec.zi‘yp'tizlo12 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 numbeBN, 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 equiv@ienin terms of the parameters
(masses and couplingsThe KSVZ case is probably already ruled out by the existing bofiNgs1. The
DFSZ case is allowed in a significant region of parameter space, and will provide a possible explanation for
any future detection of nonze@éN,, .

PACS numbgs): 14.80.Mz, 12.60.Jv, 98.80.Cq

[. INTRODUCTION The bound is actually 1 on the axion mass, whose relation to
Fpqis given by
With the discovery of instantons it was realized that the
focp parameter of the standard model can have important _ 4 10'° GeV
physical consequences. In particular, the induCétlviola- m,=6N* 10 F—pQ ev. S
tion affects the electric dipole moment of the neutron, lead-

ing to the upper limitdocp=<10'% An attractive explana- Here, N is the number of distinct vacua or, equivalently, the
tion for such a small parameter is provided by the Pecceinymber of domain walls meeting at each PQ string.
Quinn (PQ mechanism[1,2]. There is supposed to be a  pQ charge will also be carried by fields which do not
spontaneously broken global(1) symmetry(PQ symme-  spontaneously break PQ symmetry. We shall consider Kim-
try), which is also explicitly broken by the color anomaly. Its Shifman-Vainshtein-ZakharoKSVZ) (hadronid models
pseudo Goldstone boson is the axion. The PQ Symmetry |g_] in which these are 0n|y some extra heavy quark super-
spontaneously broken by some set of scalar fietdsel-  fields and Dine-Fischler-Srednicki-ZhitnitskiDFS2) [5]
ementary or compositewith chargesQ;, so that their PQ  models in which they are only standard mo¢®M) super-
transformation is fields.
_ We are concerned with models in which the fields break-
D —e'Qip, . (1)  ing PQ symmetry are flatons. Flatons are fields whose tree-
level potential is flat in the limit of unbroken renormalizable
Denoting the vacuum expectation vakje;|) by v; /\/E, we  supersymmetry, which acquire nonzero vacuum expectation
define the PQ symmetry breaking sc&lg, by values(VEVs) after soft supersymmetry breaking. We make
the usual assumption, that the supersymmetry breaking is
gravity mediated.
FE,QZE Qizviz. (2 In the rest of this section we recall the essential features
: of flaton and non-flaton models of PQ symmetry. In the next
o ) o section we discuss in some detail the cosmology of flaton
(In definingFpq, we use the canonical normalization of the models. In Sec. II, we give the general structure of the flaton
PQ charges, that the smallegf is set equal to .Collider  and flatino masses. In Sec. IV we analyze the general self-

and astrophysics constraints require roudi3ly interactions between flatons and flatinos. In Sec. V we see
the effect of the interaction of the flatons with the matter
Fpo/N= 10° GeV. (3 fields. In Sec. VI we consider the implication of the nucleo-
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synthesis bound on the energy density of relativistic axionspumerical estimates, we shall take, for definiteness,

in particular, of a possible future bouriiN,<0.1. We con- 505
clude in Sec. VII. m= 10505 Gev. (7)

The leading non-renormalizable term generates a large

A. Models of PQ symmetry breaking vacuum expectation valu&/EV)

Let us consider the potential of the fields which break
PQ symmetry. In a supersymmetric model there have to be at Fpo= \/§<| d|)~(mMmy/ \/A—n)ll(nﬂ)_ (8)
least two, but for first orientation we pretend that there is
only one. In the limit of exact PQ symmetry, its potential Here, \, is the coefficient of the leading term in Ep),
will be of the form which is expected to be roughly of order 1. In the case
=1 this gives a VEV of order 8 GeV, but it can be big-

|¢|2n+4 ger if nis bigger. Imposing the condition thst(practically)
_ 2 2 4 .

V=V [¢1°+ 7 Md)' + 21 An M : ) vanish in the vacuum gives the height of the potential:
Mp=(87Gy) Y?=2.4x 10" GeV is the reduced Planck vt (aly |\ ©
mass. 10° Gev/ |10 Gev

1. Non-flaton models We are concerned with the case that theare flaton fields.

If the renormalizable coupling is of order 1, the non- The scalar particles are now the axion, plys-21L flatons
renormalizable terms are negligible and the mass of the rawith mass of order 100 GeV arl flatinos with masses of

dial oscillation ism~ Fpq. (Recall thatFpo= \/§Q<|¢|>.) the same order. The saxion, defined through &, is a
Going on to the case where a number of fielis (i linear combination of flatons, while the axiridefined as the
=1,...p) break PQ symmetry, there will bp particles partner of the axion plus saxipiis a linear combination of

corresponding to the radial oscillations afid addition to  flatino mass eigenstates. Neither of them has any special sig-
the axion p—1 particles corresponding to the angular oscil-nificance. In particular, the possibility of a keV-mass axino
lations. There will also be superpartners with spin 1/2. In a does not exist in flaton models. In the models that we shall
non-supersymmetric theory all of these particles would haveonsider, p=2 so that there are three flatons and two
mass of ordeFpg, but supersymmetry protects the mass offlatinos.
one scalar and one spin-1/2 particle.

Indeed, in the limit of unbroken supersymmetry, the ho- B. Estimates ofF pq
lomorphy of the superpotential ensures that PQ symmetry is
accompanied by a symmetry acting on the radial parts of th%
PQ charged fields: €

To estimate the magnitude &%q in flaton models, we

gin with the schematic case of one flaton field, with poten-
tial, Eq. (5).

b —eQ%p, . (6) Consider first the expected magnitude of the coefficients
N\ in EqQ. (5). In the case thaM p, represents the ultraviolet

The corresponding pseudo Goldstone boson is called the sagutoff for the effective field theory, one usually assurgs

ion (or saxing, and the spin-1/2 partner of the axion or sax-~1, but\,~1/(2n+4)! may be more realistitl4]. On the

ion is called the axino. With gravity-mediated supersymme-other hand, one might quite reasonably suppose that the cut-

try breaking, the saxion and axino will typically both have off, call it Ay, is around the gauge coupling unification

soft masses of order 100 GeV, although specific models exscale 102Mp, [either because fields of a grand unified

ist [6] with an axino mass of order keV. In gauge-mediatedtheory(GUT) have been integrated out, or because this is the

models, the saxion and axino will typically both have thetrue quantum gravity scaleln that case, the estimate,

sub-keV mass. ~1/(2n+4)! to 1 would be reasonable M 5, were changed

In non-flaton models one can hope to understand a valug A, in Eq. (5). RetainingMp;, one should multiply the
Fpo~10" GeV since that is the supersymmetry breakingestimate of, by a factor (Mp/A yy)?"~10*". In view of
scale[7], but it may be hard to understand a bigger value. these considerations, we adopt as a reference the estimate

1/(2n+4)1=\,=<10*", corresponding ta ;"*=10*>%8 and
2. Flaton models }\1/6 100310

We are concerned with moddi8—12] in which the fields Using these estimates af,, we can make estimates of
breaking PQ symmetry are flaton fields3]. This means that Fpq bearing in mind the uncertainty, EG7), in m. In these
their tree-level potential is flat in the limit of unbroken, and other estimates, we add in quadrature different uncer-
renormalizable supersymmetry. We assume that supersyrtginties in the exponents. This procedure has no particular
metry breaking is gravity mediated, which is usual in thebasis, but at least it is better than ignoring the uncertainties
context of flaton fields. completely or adding different estimates linearly. In the case

Considering first the case of one flaton with potential, Eg.at hand, the uncertainty is dominated by the large uncertainty
(5), the quartic term igpractically) zero, while the massiof ~ that we assigned to the,. We take the PQ charge @f to
the flaton is of order 100 GeV to 1 TeV. When making be 1, so thaFpo= \/—<|¢>|>
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Unless it is forbidden by symmetry, the leading tenm any other such era. Thermal inflation occurs long after ordi-
=1 will be the one appearing in E€B), leading to nary inflation which is supposed to be the origin of structure,
and may wipe out all previously existing relics. When it
ends, PQ strings are produced, and flaton ddtiag ana-
logue of saxion decayproduces a calculable amount of en-
tropy, with the reheating at a calculable temperature in the
range MeV-TeV. As a result, the axion density is in prin-
ciple calculable, and appears to be compatible with the ob-

Fpo>10"8 GeV (n>1). (1)  served dark matter density for arfypq allowed by other

) ~considerationgSec. I Q. In other words, the axion is a
In the class of supersymmetric models that we shall conadebood dark matter candidate in flaton models. Finally, the
PQ symmetry is broken by two flaton fields and¢q, with  fjatinos (the generalizations of the axin@annot have the
charges respectively 1 anah2 1. The fields interact, giving ke mass, and for simplicity we assume that none of them is
the rather complicated potential, H§0), for n=1 and one  the LSP.
of similar form [15] for largern. In all cases, the VEVs of A unique feature of flaton models is that flaton decay
both flaton fields are given roughly by E(B). There are creates a highly relativistic population of axiofig3,15).
additional uncertainties because there are more soft paranthis population has nothing to do with the dark matter. Its
eters and factors involving, but in view of the large uncer- gensity at nucleosynthesis is equivalent to roughily,~ 1
tainty we already assigned to the coupling, Egs.(10) and  extra neutrino specigd5]. Flaton models of PQ symmetry

Fpo= 1004099 Gev (n=1). (10

If the leading term is n=2, this becomes Fpq
=10'29"11 GeV. At highern, Fpq slowly increases, so for
n>1 we have

(11) should still provide reasonable estimates. will therefore be a candidate for explaining a nonzéh,
that may be established in the future, and the models will be
[l. COSMOLOGY AND DARK MATTER strongly constrained if the present bouf@B] 6N,<1 is
A. Cosmology of the PQ fields significantly tightened.
Generic models of PQ symmetry have many possible cos- B. Thermal inflation and reheating
mological consequences, which have been discovered gradu- ] }
ally over the years. In the early Universe, with Hubble paramete

In all cases the axion lifetime is longer than the age of the=100 GeV, fields with the true soft magm|~100 GeV
Universe[2], so that its present density must Bg<0.3 or ~ are expected30] to have an effective mass-squaned(t)
so, with the equality prevailing if axions are the dark matter.~ *H?. (During inflation this result might be avoidd@1],
The density depends on whether the axions come fronRut it should still hold afterwardg32—34.) This applies in
strings or from the vacuum fluctuation of the axion field particular to the flaton fields. Pretending for the moment that
during inflation. (In the latter case the axion densiigs] there is only one flaton field, we focus on the case tht)
depends on our location in the Univeps&trings may be IS positive in the early Universe, because therma_l .inﬂation
produced by a Variety of mechanisms dur[[jg] and after [24,25,23,26—2}3then OCcCurs, Ieading to rather definite pre-
inflation. The axion density depends also on the amount oflictions for the cosmology.
any entropy production after the axion mass switches on at a Let us summarize the history. Aftdd falls below |m|,
temperature around 1 GeV. As a result there is no modelthere will be enough thermalization to hofl at the origin
independent prediction fdﬂa as a function OFPQ' until }‘hermal ianaFion begins(.See Sec. ”l B 0[23]) Ther-

Within the usual framework of non-flaton models, the su-mal inflation begins when the potential, dominates the
perpartners of the axion can also have a range of cosmologenergy density. This is at the epoth-Vg“*~10° GeV (as-
cal consequences. An axino with a keV mass is a dark matteuming for simplicity that full reheating has occurred by that
candidate, which may be produced by a variety of mechatime). Thermal inflation ends after~In(Vy¥|m|)<10
nisms and give rise to a variety of cosmological conse-e-folds, when the temperature is of orden ~100 GeV.
quenceg18,6]. Alternatively, an axino with a 10 GeV mass  When thermal inflation ends, the flaton fiettd moves
may be the cold dark matt¢f9], as it can be the lightest away from the origin. Cosmic strings form, and between
supersymmetric particldSP). Finally, the saxion is a late- them the roughly homogeneous flaton field starts to oscillate
decaying particle which may be produced by thermal oraround its VEV. Corresponding to the oscillation is a popu-
other mechanisms. If it is sufficiently abundant to dominatelation of flatons. We discuss in Sec. Il D the possibility that
the density of the Universe, it must decay well beforeparametric resonance rapidly drains away the energy of this
nucleosynthesis, and before it does so it will dilute the abunescillation, finding that this phenomenon will probably not
dance of pre-existing relics, including baryons and dark mateccur and will in any case have little effect on the following
ter candidate$20,21]. If it is less abundant, it may decay considerations. Discounting parametric resonance, energy
much later, and affect the formation of large-scale structurdoss comes at first only from the Hubble drag, which is neg-
[22]. ligible during one oscillation. The oscillation corresponds to

In contrast with this generic situation, the cosmology offlatons, with conserved number and non-relativistic random
flaton models is rather well defined, on the reasonable asnotion (matter as opposed to radiatiorWwhen the flatons
sumption[23,15 that the PQ flaton fields generate an era ofdecay, the Universe thermalizes, at the reheat temperature
thermal inflation24,25,23,26—2B which is not followed by  [23]
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— - - - 1.2
Trr= 1073 VMpl =10"°2{10 M pcNeaimF g 0 Fpo 18
(12) * 71102 Gev,
0 32
:102.2:0.5( 10" Gev) m GeV. The constanC is in principle calculable from the dynamics
Feo 10%° GeV of the strings, walls and axions, derived ultimately from the

(13)  field equation of the flaton fields breaking PQ symmetry.
According to one group35-37, C~1-10, while according

In the first expressior, is a typical flaton decay rate, while to another[38—41, C~0.2. In view of this uncertainty,
Ogry~ 100 is the effective number of particle specieS af;. which we emphasize is one of computation rather than prin-
In the second expressidty,.,is the number of decay chan- ciple, we conclude that the axion is a good dark matter can-
nels,cis a factor of order 1 anthis a typical soft parameter. didate in the case=1 which corresponds to E¢L0). (By a
The factor 102 in the estimate of is what one expects in “good” candidate, we mean one whose density is predicted
the case of unsuppressed couplings for a single decay chato be within at least a few orders of magnitude of the ob-
nel[23], and it is confirmed by, for instance, the estimates inserved dark matter density.
Eq. (54), etc. There are in reality several channels, and for In the casen>1, Tgy is smaller thanT,.s. Entropy is
definiteness, we takeNg,,=10"%C leading to the esti- produced until the epochiry, giving [15]
mate in the third line.

Adding in quadrature the uncertainty of Eg), we find _ (10" GeV\ 044
Q.=C —F (19
/10" Gev FQ
Try= 107209 —F | GeV. (14) 5
PQ with roughlyC~10C. At least if C is not too large, the axion

o , is a good dark matter candidate in these modelq 1564
In order not to upset nucleosynthesis, it is required to have

Try=10 MeV, which corresponds to 2. Baryogenesis and the LSP

Fpo< 10% GeV. (15) If thermal inflation wipes out p_re—exjsting relics, .baryo—
genesis has to occur after thermal inflation. The crucial factor

Using Eqgs.(10), (11), (7) and (13), we estimate here |s_the final r_eheat temperatuiigy . Baryogene5|s_ _
mechanisms occurring at the electroweak phase transition

Try=1048513 GeV(n=1), (16) can operate ifTgu=100 GeV. This is possible in the ca-

nonical casen=1, but not in the casen>1. If Tgy is
smaller, one must turn to other mechanisms, which are quite
speculative. Proposals include a complicated Affleck-Dine

o ) ) ] ] mechanism along the lines §27], QCD baryogenesif42]
In this discussion of thermal inflation and its aftermath, Weqy parametric resonance baryogengéi.

have retained the pretense that there is just one flaton field. |t he lightest supersymmetric particle is stable, it has to

There are in the models we shall consider two flaton field§hermalize in order to avoid overproduction from flaton de-
¢p and ¢q, with the potential, Eq(30), or itsn>1 ana- ¢4y This requiredry=m, sy/20 [15], say Try more than a

logue. We assume thani(t) is positive in the early Uni- few GeV. This is exactly what one expects in the case
verse, so that thermal inflation occurs. When thermal infla— 1 As is well known, a stable LSP is a good dark matter

tion ends,¢p moves away from the origin, and as arestlf  candidate.

also moves away from the origin. At first the orbit in field  |f the LSP is unstablédue toR-parity violation, baryo-
space will be far from the VEV, but after a few Hubble times genesis can occur S|mp|y by a||owing a baryon_number vio-
the Hubble drag will allow the VEV to attract the orbit to- lating flaton decay channdthe Dimopoulos-Hall mecha-
wards it, so that there are almost sinusoidal oscillations ofjgm [44]). This mechanism requires DSFZ as opposed to
the eigenmodes around their vacuum values. These oscillgsgy/z coupling to matter, and as we shall see the former
tions are equivalent to the presence of the three species ghse is favored in flaton models. For the mechanism to work,
flaton, and each of them decays at the epoch specified by Efna| reheat must occur at a temperature less than a few GeV
(12), with m the appropriate mass. The reheating process is44]. This is likely forn>1, but looks rather unlikely in the

Try=10"* GeV(n>1). (17

complete after the last decay has taken place. canonical cas@=1.
Let us summarize. In the canonical case 1, the LSP
C. Dark matter and baryons can thermalize, and therefore can be stable so that it is a

good dark matter candidate just like the axion. In this case,

baryogenesis mechanisms involving the electroweak phase
The axion number density is conserved after some epoctiansition can operate. In the case 1, the LSP cannot ther-

Teons=1 GeV.Inthe case=1, Tryis larger tharl,,cand  malize and therefore cannot be stable. Baryogenesis from

entropy is conserved too. The axion density is then expectefiaton decay(the Dimopoulos-Hall mechanignis a natural

to be of the form possibility in this case.

1. Axionic dark matter
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3. Supermassive dark matter oscillating mass-squareah?(¢,) for each of the produced

We have seen that the axion is a good dark matter candgcalar fields. Parametric resonance occurs, leading to signifi-
date, and that in the canonical model the LSP is also a goog@nt production ofp, , if [51]
candidate. These conclusions hold both in the DFSZ and _ 2 Im2= 108 21
KSVZ cases. In the KSVZ case, there is a third good dark q=mo(¢1)/m"=10°. (21)
matter, namely the heavy quarksES®, which are strongly . . . _
interacting massive particléSIMPS. Until thermal inflation N this formulza, m~100 GeV is a typlczal oscillation fre-
ends, the SIMPs are light and will be in thermal equilibrium. AU€ncy, andng,(¢,) is the amplitude ofn;(4,). The initial
After thermal inflation ends, SIMPs acquire mass through th@mplitude of oscillation is¢o~Fpq. The scalar particles
coupling ¢EE to the flaton. The density of such particles that can be produced include the flatons and'the axion, and in
has been showf28] to be naturally in the right ballpark. the D_FSZ case also the standard model Higgs bosons and

The scenario of28] should be contrasted with an earlier Sfermions. From Secs. IV and V, each of these hag
proposal[45], that the supermassive particle is very heavy~100 GeV, makingj~1. The conclusion is that parametric
also in the early Universe and never in thermal equilibrium.résonance probably does not occur, but a more detailed cal-
Such a particle may be produced by the vacuum fluctuatiogulation is needed to say anything definite, especially in view
during ordinary inflatiorj45] or by other mechanisms. In the ©f the exFre_mer anharmonic nature of the initial osqllatlon.
former case, each comoving wave number leaving the hori- Even if it occurs, the overall effect of parametric reso-
zon during inflation will acquire very roughly one particle nance will not be dramatic, unless it leads to baryogenesis

per quantum state[46—4g, leading very roughly to [43]. Its initial effect is to quickly damp the flaton field os-
[45,47,48 cillation, producing flatons, axions and in the DFSZ case

Higgs bosons and sfermions. The produced particles have

m H T very roughly the same energy density, and are marginally
Qo= ( * IWFRR 1y, (20)  relativistic except for the axions which are highly relativistic.
10 Gev/ | 10" GeV/ |\ 10° GeV The flatons are stable on the Hubble time scale while the

Higgs bosons and sfermions decay into highly relativistic
In this expressionm is the mass of the superheavy particle, ordinary matter(plus the marginally relativistic LSP if it is
H, is the Hubble parameter during slow-roll inflation, stablg. After a small number of Hubble times the energy in
Tinery IS the temperature at reheat after slow-roll inflationthe highly relativistic particles becomes negligible. The
andy is the dilution caused by entropy production after thatdominant energy is in non-relativistic flatons, coming partly
epoch. In our case, thermal inflation will give roughfy ~ from the parametric resonance and partly from the residual
~e 10 One can adjust the other parameters to mélie homogeneous oscillation of the flaton fields. Except for the
~1, but in contrast with the LSP and the axion the requireddaryogenesis possibility, there is no change.
value Q,~1 is not favored over any other. In other words,
this kind of supermassive dark candidate is ot our E. Relativistic axions
present state of knowledga good dark matter candidate,

merely a possible onke. Now we come to the relativistic axions, which will be our

concern for the rest of the paper. This axion population
_ comes from the decay of the flatof23,6] when they finally
D. Parametric resonance? reheat the Universe. Its density during nucleosynthesis is

To check whether parametric resonarié8] occurs, we ~conveniently specified by the equivalent number of extra
make the very crude approximation that the sinusoidal oscilD€Utrino species:
lation corresponding to the three flatons is present from the
very beginning. We also assume that the masses of the three 5NF(&1) ' (22)
flatons are roughly the same or else that one of the ampli- PvlNs
tudes is much bigger than the others. Then the field equation

of the Fourier component of each produced field is @  wherep, is the energy density of relativistic axions, angis
Mathieu equation, leading to a situation that has been anahe energy density of a single species of relativistic neutrino.
lyzed in the literaturd49]. (More realistic cases, including At present, constraints coming from nucleosynthesis are
the one where the oscillation starts at a maximum of theyedeviled by the fact that there are two separate allowed
potential[50], seem to give similar resulisThe oscillation  regions of parameter space, corresponding to “low” and
of the real field$, corresponding to theth flaton leads to an  “high” deuterium densities. In the “high” region, the

bound [29] at something like the & level is AN,<1.8,

while in the perhaps favored “low” region, the bound at a

The same is true in the case=1. In particular, the choicen ~ Similar level isAN,<0.3. As we shall see, the flaton models

~H, advocated iff45] is not in fact particularly favored, bearing Predict 6N, roughly of order 1, so that at least the second
in mind thatm is the true mass as opposed to the effective mas$ound is quite constraining.

during inflation. Inflation with a potentia/=3ma ¢a indeed In the canonical model that we shall discuss, there are
ends wherH~mye, but the inflaton fieldp, is not supposed to  three flaton species, and in more general models there are
be stable and hence is not a dark matter candidate. more flatons. In general, each flaton species can decay into
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relativistic hadronic matter X, into Xa where a denotes anance approximation. Such a calculation would be difficult,

relativistic axion, or into aa(We neglect for simplicity the

small branching ratio into channels containing more axions.

Let us pretend first that there is one flaténThe hadrons X

and its uncertainty impossible to quantify at present.
One can however say something useful without knowing
then,, by considering the quantities

thermalize immediately, but the axions do not thermalize

[15], so their density at reheating is
pa=Bapr, (23

where

1
[(¢—aa+ 5T (¢—Xa)
B.=

I'(¢p—X) ' (24

and the density of thermalized radiation is

w2 4
Pr=35 ORHT RH-

)4/3

After reheatingp,(agrn/a)*= (sns/Sru) ¥>, wherea is the

scale factor, and is the entropy density of the particles in

thermal equilibrium. The latter is given bys
=(27?145)gT®, whereg is the effective number of relativ-
istic species in thermal equilibrium andis their tempera-
ture. At the beginning of the nucleosynthesis ay&,10.75
and

7? (107543,
Pa= Ba% 9RrH Orn Ths: (25)

The density of one neutrino species at that epoch is

_ 8-|-4
pv_% 7 NS

so that

ON,=13.6951"°B,=2.98B,. (26)

For the last equality we usegky= 100, appropriate ifTgy
~1 TeV. The alternative choiagg,=10 would reduceSN,,
by a factor of 2 or so.

In models with more flatons, denoted by a lalbekthe
quantity B, to be used in Eq(26) is given by

> n F(I—>aa)+%F(l—>Xa)
B= ' ,
Z n(1—X)

(27)

wheren, is the number density of the flatdnjust before
reheating.

I'(l—aa +%(I—>Xa)

B,= (28)

T(—X)

If all of these quantities were equal, they would be equal to
B,. More usefully, if they are all known to have an upper or

a lower bound, in some regime of parameter space, tBgn

has the same bound. In the case of an upper bound, one
concludes from Eq(26) that SN,<4.4r, making the model

in this regimecompatiblewith a given bound o®N,, if r is
small enough. In the case of an upper bound, one concludes
that 6N ,>4.4r, making the model in this regimecompat-

ible with a given bound ifr is big enough.

Ill. FLATON AND FLATINO SPECTRUM
A. Superpotential

The model we consider contains two flaton superfiéids
andQ, interacting with the superpotentigl1,12]

f . o
Whiaton= WPM_ 2Q- (29

Pl

We deal with the simplest case=1 and assign the PQ

charges—1 and 3 toP and Q, respectively. Here we note
that quantum gravity may break PQ symmetry, giving non-
renormalizable terms which invalidate the PQ solution to the
strong CP problem. A way to avoid this is to impose a
certain discrete gauge symmetry forbidding sufficiently
higher dimensional operatof52]. However, to have such a
discrete symmetry, one has to extend the model beyond the
simple superpotentigP9) under consideration. Our analysis
can be applied to such extended cases with a straightforward
generalization.

With the inclusion of the soft supersymmet(gUSY)
breaking terms and the cosmological constant, the potential
is

V=Vo+mg| ppl 2+ mg| pgl?

f2 As
+—— (9] dpl*| ol 2+ | dpl®) + | ——F B3 +H.c.).
M|23|( | pel |¢Q| |$pl®) Mo, dpdq

(30

The soft parametens, , mg andA; are all of order 100GeV
in magnitude. It is assumed tha andmé are both positive

If the flaton fields suffered negligible energy loss until at the Planck scale. The interactions 4§ with the right
they start their sinusoidal oscillation about their VEV, onehanded neutrino superfields give radiative corrections which

could in principle calculate the, by solving the field equa-
tion of motion under the potential, E¢30). The same thing

drive m3 to a negative value at the PQ scale, generating
VEVs vp anduq for respectively| ¢p| and|¢g|. According

is possible if the energy loss can be calculated, the onlyo Egs. (10) and (11), both VEVs are roughly of order
known paradigm for that purpose being the parametric resot0'® GeV. As we shall discuss in Sec. IlI, the radial oscil-
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lations of the flaton fieldspp and ¢ correspond to two

flatons, while the angular oscillations correspond to a third

flaton and the axion.

B. Flaton spectrum

We write the flaton fields as

UP+P
V2

P: eiAp/Up

UQ+Q

o= —=—¢e"elve, (31)

From now on, we shall takep andvq as the independent
parameters, trading witm3 and mf, in the potential, Eq.

(30). The VEVs are taken to real and positive, and we shal

take the other independent parametdrsand f to be real
with opposite sign.
The axion field is

Up

vQ
a= Ap+3_AQ

Fro (32

Fro

where F3o=v5+9v5. The orthogonal field to the axion
(both areCP odd) corresponds to a flaton. It is

(33

With our choiceA;f <0, the VEV is aty’ =0, and the mass
squared is

fALpF2 f
2 fVp PQ 2
 E = = =+
Mlp ZMPIUQ glu’Af(X 9) (34)
where
M Upl)Q
- = 3
g 2Mp (39
v
X=— (36)
e}

For future convenience we have introduced a quaniity
related to theg appearing only in the DFSZ model. At this
stage results depend only on the ratidg defined by Eq.
(35 and they apply to both models.

The other two flatons correspond to 164 even fieldsP

PHYSICAL REVIEW D 62 095013

4,2 2
2vp(x +3) . Mw,

M3,=3f 3
PP M2 x? 9+x2

2 M2

=12— (XP+3)u2-3—".
gz( I 9+x?

(37

ere two mass parametemﬁ ,mé in Eq. (30) are replaced
n favor of vp,vg. Performing the rotation from the flavor
basis||P Q|| to the mass basi$F; F,l|,

P=cosaF,—sinaF,

Q=sinaF,+cosaF,, (38
we find the mixing anglex determined by
M3p— M2 x*+3
CoS = F;P SQ =€
ME —MZ VO+42x%+ x4
2 1
_ 2M3q 6x
sin2a=— =€ (39
Mg, ~ME  VO+42¢+x*

where e=sgnM3, as we have the relatioMg —MZ

=| ME,Q/3x| J9+42x%+x*. Later, the decay rates can be ex-
pressed in terms of cogZand sin 2 without ambiguity in
fixing the anglea itself. The two eigenstateB,,F, have
masses

2[ f f A
2 _ M7 2 N N
M, = 2[9(12@ +3)g+(3 x)M)

f f A
i‘§<12§+;f VO + 42+ X7 (40)
with Mg, >Me .
The requiremenM§1>O gives the constraint
e g A 9+x2< @1
Y1y f/.L 4X2 Y2,

where

9+x?
Y12= ——5 (214 X2 % 9 +42¢ +x7)
’ 8x

andQ. They have a @ 2 mass matrix whose components areor
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1 2vpP+P? vo
_ 2_ 2 4 Up
5(21+x VI+42¢2+x%) Ly=———— —(aa)2+9 (ay')?
2UP PQ FPQ
<—g—Af<E(21+x2+\/9+42x2+x4). (42) voUp 200Q+Q?
fu 2 +6Q_2(9,/,'07a +Q—2
Fpo vQ
One can findM <My for all the parameter space, and thus é g Up
F, is the lightest flaton. X| 9—=(da)’+ —— (9" )?~ dy'aal.
PQ PQ FPQ

C. Flatino spectrum (46)
From the superpotentidlVy,,, We can directly extract From this expression we can extract the following terms ex-

also the flatino’s mass matrix whose eigenvalues are pressed in mass eigenstates:

(i) the trilinear derivative interactions with no axions,

M,Z:2 [x 24242 x5+ 1] .
1 (ﬁlﬂ')zm[(—g Sina+X3COSa)F1
—9—,u2[x2+2+2\/x +1]. (43 +(9 cosa+x3sina)F,]; (47)

(i) the trilinear derivative interactions with only one axion,
The eigenstates, ,F, are related to the flavor statBsQ by

~ ~~ ~ o~ L|:_ ’ :ﬁlﬂ,&a—
F,=cosaP+sinaQ e FPQ\/x2+9

—(sina+xcosa)F,]; (48)

[(cosa—xsina)F,

F,=—sinaP+cosa0 (49 N S _ _ _
(iii) the trilinear derivative interactions with two axions,

where the angler is determined by

1
Lr aa=|d,8]>—————[(9 cosa—x sina)F
Fiaa | N | FPQ\/m 1
~ 1
COS 20 = — NS +(9 sina+xcosa)F,]. (49
X
All the above derivative interactions can be transformed in
X scalar interactions if we are working at the tree level and
sin 2o = — —- (45  Wwith on-shell external particles:
V1+x

1
9 M) == |\/|2 M5 M
A parameter space analysis indicates that we have always $1(0u2) (7 b3) 2( ¢3)¢1¢2¢3
Mg <2Mg . This automatically forbids the decay Bf to (50
flatinos, leaving open only the decay into flatinos of the

heavierF, and ¢’ flatons. The cubic interactions come also from the superpotential and

the soft terms:

IV. DECAYS INVOLVING ONLY FLATONS, FLATINOS 9 vevd 5 vd Mf,,,va
AND AXIONS Lye=|5fP—+ 52— ————
2 2° M3 vp(x*+9)
In this section, we analyze the various decay rates be-
tween flatonic fields. We begin with the decay channels in- 27 Zuﬁ,vQ Mi,x ) 9 3F‘, ,
duced by the kinetic term and the superpotentéln, S B e e Q+|5f"—5|PQ
which are common to the KSVZ and DFSZ models. Mpi vp(X“+9) PI

At PQUP
4 Mp|UQ

3f Ag PQ)
+ '+
(4 Mppq Py

)Qw y'. (5D

A. Derivative and cubic interaction terms between flatons

The flaton interaction terms with at least one derivative
are given by the Lagrangian In the mass basis, we get
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3

. B 3 Mzw, sina 2 » 1 Mjﬂ '2:2
FRF =)~ m(—Zxco a+XSsinfa F('V_’aFZ):@ F%Q(x2+9) _Mzw,
N cosCysina)+6f2'L:2 x*+9 X (3 cosa— 3x sina)? (59)
9°xFeq 3 M2\ 3
X (—18 coda sina x+ 9 sirfa x+ 3 coSa x? r('lf,_’aFl):E . Mﬁ' B 21
F2dx*+9) M2,
oS SinZa(_ngXZ))} FiF, X (3sina+ 3x cosa)?. (60)

AFF F, ) Energy conservation will of course forbid some of these re-
5 FiFa. (52 actions, depending on the flaton massesMys <M, the

channels=,— ¢’ ¢’ andF;— ¢'a are always forbidden.
For the full trilinearF,y' ' interaction, we have to add up

the terms in Eqs(47) and(51) to obtain B. Interaction terms between flatons and flatinos
The trilinear Lagrangian terms responsible for the decay
ME, , M2, of flatons or flatinos are
Le gy =———=—| — (3 sina+xcosa)(x+9)——
P X9 X2F g ( ( 2 . vi+303 - _
2 = Q
L¢¢¢ (UPQ+UQP)PP+| Vs
) 2M Frq
M,
+(9 cosa+sinax®) 1—2—? Foy' ' UpUg = 3f —
ME, —i2 —aPysP +2l\/| (ZPUPPQ
Pl
AF wlwl
_ 2 ' R = ~
=— v ’F,. (53 +2i F—:Q(30Q¢'+upa)Py5Q) (61)
Collecting the above formulas one finds the decay ratesthe tilded fields are the fermionic superpartner of the respec-
among flatons and axions: tive P and Q scalarg. Let us denote the Yukawa couplings
between the flatorfor the axion and the flatinos in mass
M,3:2 . basis by— Ly = YijciF;(1,75)Fi/2 whereys is taken for
I'(F,—aa)= -— —————(x cosa+9 sina)? di=a,y'. We find from Eq.(61) the following expressions
32m FZy(x?+9) inas:
P (54 for the Yukawa couplings:
6fu\x>+9 _ -
M3 Flizl;l:gX—F[(x cosa—Ssina)coSa
. PQ
F(Flaaa)=37#(—xsma+9c05a)2 B
T FegdX“+9) — X sina sin2a]
(55)

6fuVx2+9

1 M2 YeFE,= [(x cosa—sina)sirfa
_ 1 2 9xFpq
2 F,

+x sina sin 2a
(56 a a]

6fu\Vx?+9

1 [ M2, YeFE,=
1oy — _ 4 L 17172 XF
2

1

—X sina cos 2x

(57) + E(sina— X coSa)sin 2a
VK M2\ °
T(Fe—ay')=16—— 22 - g 6fu\Vx>+9 _ -
T FogX*+9) ME, YeE = ——[(xsina+cosa)cosa
9xFpq
X (3 cosa— 3x sina)? (58 +x cosa sin 2a]
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6fux2+9 s - (M= +Mg )2\ 2
Ye g g =————[(Xxsina+cosa)sirfa I(FymFF)=—21-—2
2F2F2 gXFPQ 2— 1 167 MNZ
~ F
— X COSa Sin 2« ]
L (M mMe)?)
6fu\x2+9 - X 1= 2
Ye iR AR TP L cosa cos Zx Mt
212 gXFPQ 2
! i in 2a F ? M2
—E(Cosm—xsma)sm a ol | 14— 2i v2- -
o M~F FiFFy
2 2
6fu B B (65
Y, 55 =—=—[—(3+x%)coSa—3xsin 2a
¥ FlFl gXFPQ[ ( ) ] B B ,,FZ (M~Fl+ M[/ﬂ)z 1/2
F(Fo—Fyy)=gg | 1-— 7
F
6fu oz o - 2
Y i E,= gX—F[—(3+x )sirfa+ 3x sin 2a]
P
Q (M~F1_MW)2 1/2
Y~~—6f'u 3 2Ez+13+2'2~ M,
w'Fle—m X COS E( X7)sin 2«
2 M2
Fy 'l ,2
6f ~ ~ X 1=—] = Pl
Y = ’ [2x coSa— x°sin 2a’] ( M ME | VR
171 gXFPQ 2 F,
(66)
2 2
6fu ~ ~ - - ~
Y. i E = 2x sirfa+ x2sin 2« = oz Rl R S IV
aFF, ngpQ[ ] I(Fp—Fia)=15— v 1 v T
F, F
6
Y Ot | 2cos 2u—xsin 7 (62) 7
EE.= —X“C0S 2o — X Sin 2« ]. _ . . . i
aFiF, ngpQ[ @] whereSis a symmetric facto¢1/2 for identical final states or
otherwise 1.

From this we can extract the decay rates for-FFy, '

o e ker V. INTERACTION OF FLATONS AND FLATINOS
—FFy, or Fo—FFi(¢',a):

WITH MATTER FIELDS

Now we study the interactions of the flatons with matter

o ME, (M~F1+M~H<)2 32 and supermatter. Through these interactions the flatons and
P(Fi—=FF=5g-S|1-— 5 flatinos decay into ordinary matter and axions, and the pro-
ME, duction of the latter must be sufficiently suppressed to satisfy
the nucleosynthesis limit on the effective numhiM, of
7 extra neutrino speciesgln this paper, we are for simplicity
(Mg —M5)? » assuming tht no flatino is stable
X| 1- M—2 Fi~Fj~Fk
Fi 63) A. KSVZ model: Interactions between flatons and gluons
In the KSVZ (hadronig model, the interaction with mat-
(M- + M )2 12 ter is
Doy —FFg =g 1- —L : o
Ik 8w M i/ Wiaton matte™ hEiEi EP (68)
whereE; and Ef are additional heavy quark and antiquark
(M — M2\ ¥ superfields.
x| 1= ! 5 K 2,~~ The only decay mode available for the flatons is into two
M, R gluons coming from the anomalyhen the space phase will

(64) be available, we have to take into account also the decay into
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massive gluinos; in this discussion we neglect such a possi- ) f
bility). The respective one loop corrected decay rates are ms=pu| Ag+ §M(X2+ 3))- (72
T'(F a%(MFl)NZ M, 21 9)sir?
+g)= + imi
(Fi—g+9) 70.3 Eg2 F%Q(X )site In the limit |m3|>M?3, the masses of the pseudoscaldr of
the CP even scalar Higgs fielt® and of the charged Higgs
95 as(Mg,) fieldsH™ are almost degenerate,
4 7
2
2 3 ms
as(Mg) Mg M2 = 73
I'(F,—g+9)= ZN2 22 (x2+9)cofa ASHOHE™ " sinB cosB (73
72 XPFg,
05 as(Mg) so from the constraint of positivity of such masses we get
x| 14— —2) (69)
4 T ¢
g
whereNg is the total number of the superheavy exotic quark " + a(X2+ 3)<0. (74)
fields (M E=hEvp>MFi). We do not consider the flatino
decay into a gluon and a gluino which will be irrelevant for e i
our discussion. In such a limit we also know that the mass eigenstates of the
CP even electroweak sectdt®,h® and of theCP odd one
B. DFSZ model: Interactions between flatons and flatinos A%,GP are
and ordinary matter
In the DFSZ model, the interaction is HO=—sing hJ+cosp hJ
1 inn Q n o~ oaa
Wiaton matterzi)\NN P+ M_H1H2PQ (70 0 0. . 0
PI h”=cosB h;+sinBh,
whereN are the right handed neutrino superfields &hg,
the two Higgs doublets. Because of the second term, we can A%=sing A‘1)+ cosp Ag

provide a solution to the. problem[53]. In such a case we
can add to the superpotential of the minimal supersymmetric
standard model also the terms H,N that generate the nec- Go=cosB Al—sinB A (79
essary mixing between left and right neutrinos to implement
zpsh%(ar;sca\évemcreiﬁgagésﬁrgit\;\/.h|ch can explain the solar and atmgvheroe H1=(1/\/§)(ul+h(f+iA‘1)) and H,=(1/\2) (v2+h(2’
The decay properties of the flatons now involve the direct™ 1A2) are the gauge Oe|genstates_ andganv/v;. To allow
interactions between flatons and ordinary matter and supefbe flaton decay inté\", we want it to be light so that small
matter. In general the interaction between flatons and Higgtng is preferred in our discussion. Hereafter we will take
fields is quite interesting due to the fact that these two secdtang=1.
tors, after the spontaneous breaking of the PQ and the EwW From Eq.(71), we find
symmetry, mix together. We notice that the Peccei-Quinn
symmetry prevents the introduction of a SUSY invariant 1
mass termuHH,, solv_ing automatically the so-called Vepn== M2(h22+ th+ A22+ AQZ)
mass problem as mentioned before. 2
Let us start by writing the Higgs-boson—flaton potential

P
P2
Up %e)

1 .
ool + 5 [(hihg—ATAD) +i(h§AZ+hoAD)]
V(H,¢)=|Hy|? m +|g +[Hy[?
v M Q ®+3 f
Sedq? - e b AT
)| M2+ g |+ 1 gHHy| Ag—2 Pooe Fe
2 Mp 9 Mp, P Q £
X|—+ —+i P |+ X2 pu?
$2 b BE¥ el vp vo  XFeq 9
+ 3f* Tz +f* 7 +c.c. P 6
Pl Pl X 4; IXFPQI’V +c.c. (76)
1
+ 507+ g D(Hi = [Ho )2 (71

It is then a simple matter to get the decay rates for the kine-
When the fieldspp o get VEVs, them3H;H, mass term is matically more favorable decay channélg,—h°h? and i
generated dynamically. The size of such a term is fixed by —h°A°:
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ME, (2+9) ut

I'(F;—h%h0% =
(Fa ) 327F2, 16X M{
( e 1/2| E
X 1=—==1 |Arnn
ME, !
ME, (2+9) wt
I'(F,—h%h%) =

32mFe, 16X* ME

4Mﬁo 12 )
x| 1= 2 |AF2hh|
ME,
VA
F((/I'—>hOAO): i//z ,L,L4
Mpo— M p0)? v
| 1— Mro= Mao)® . 20)
M,
1/2
y _(Mho-i-MAo)2 A2
M2 zﬂhA|
w./
(77
where
) Ay f i o
Ar,hh=sin28 ;+6§ (X cosa—sina)—4x°=sina

+2(x cosa—sina)

AFZhh: sin ZB

(Ag f
LY

f
(X sina+cosa) + 4x? aCOSa

+2(xsina+cosa)

(A f1(X*+3)
Ayna= 7—65 v (79

The flatino decay into ordinary particles comes from the

superpotential W= (g/Mp)H,H,PQ. We find that the
flatino decay into a Higgs boson and a Higgsinwore pre-

cisely, the lightest neutraling;) has the rate

PHYSICAL REVIEW D 62 095013

3

~ M~F M2 2
['(Fi—x1h%=—— — (x*+9)?C:.
87F pq My i
(M, + M)\ ™
M
2 2
MXl Iv'ho
R R
(79
where  Cg =(sina+x 'cosa)N, ~and Cg,=(cosa

—x‘lsinZz)NXl. HereNXl denotes the fraction of lightest neu-

tralinos in Higgsinos.

Let us now consider the flaton decay into ordinary fermi-
ons or sfermions. The mixing terms between flaton and
Higgs fields allow a direct tree level couplifigfter full mass
matrix diagonalizationbetween the usual fermions and fla-
tons. Parametrizing such a mixing with the parameigy
the effective flaton-fermion interaction I&6g so that the
rate of decay is

T(Fi—f+f) NhfaEHM 14m$ " 80
(Fi=f+)=Nc—5 Mg, _M_Ei (80)

where N; is a color factor for the fermiorf. Since 6gy
=(vew/Fpq),
L(Fi—f+f)/T(Fi—a+a)~hfu/ME ~mf/MZ <1.
(81

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

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

v-—“\/xz+9 L (h,tangD, *Dy* +h
Ff_F_PQ Tﬁ(danﬂ L*Dr e

xtanBEL*ER* +huGL*GR*)[Fl(x cosa—sina)
+F,(cosa+xsina)]+H.c. (82
whereD* denote down-type squarks, etc.

The other arises from an indirect coupling induced by the
mixing between Higgs and flaton fields as for the fermion
case. Taking into consideration the cubic sAfterms we
find

Ver=NgAg OF, H, FiD Dr+heAe O 1, FiEEr
+hyAy bk 1, Fi0 Ug (83

so that effectively we have couplings of the size
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TABLE I. Direct decaNy channels involving only flatong ( F(lﬂ’ﬂx)zrdir(iﬁlﬂx)+F(¢'H|~:1E1)
=F,, F,andy"), flatinos (F, andF,), and the axiorfa). The only
decays which must occur afe;—aa, ' —aF;, and either ¢’ ~ ~ ~
—aF, or F,—¢’a. Any of the others may be forbidden by energy +T (' —F1F2)B(F2—X)
conservation, if the decaying particle is too light.

+T (' —F,F,)B2(F,—X)

Fi F2 ' F. F,
aa aa g, None Byl I'(Fy—X) =T g(F;—X)+ T (F,—F;Fy)
ay’ aF, o g
FiF; FiF, +I(F—F1F2)B(F—X)
FiF1
'y +T(Fy—FoF,)B3(Fp—X),
(86)
VEw where B denotes a branching ratio. The reactioffs—aX,
Gpsfe,mion~hf(M+Af)F—. (84) F,—aX can go only through chains, and their branching
PQ ratios are

Diagonalizing the sfermion mass matrix we can wiitd, I'(y'—axX) =T (' —aF;)B(F,—X)
=a151?1+a2£fz?2+ a.j_z’fl’fz (Where aiiOChf so for hf—>0

we havea;,—1). Considering the decay of the light flaton +T (' —F,F,)B(F,—Fia)
we get

+2I (¢ —FoF)B(Fo—FiaB(F—X)

I(E.—f +f)=N G'Z:Nf 2 ]__4m?2 85 I'Fy—aX)=I'(F,—ay')B(¢'—X)
(Fi—fi+f)= cmaij W (85)
1

+I'(F—F1F2)B(F,—F1a)
As observed in Ref.15], the flaton may decay efficiently to o o _
two light top squarks ak,~1 anda;;~1 and thus a large +2I'(F2—F3F5)B(F,—F1a)B(F2—X)
splitting between light and heavy top squarks helps increas-
ing the flaton decay rate to light top squarks. This kind of +2I(Fo—¢' ¢")B(¢' —aX)B(y' —X).
mass splitting occurs also in the Higgs sector and further- (87

more the light Higgs bosonhf) is usually substantially
lighter than the heavy Higgs bosoH{) in the minimal su- The rates for producing more axions are likely to be sup-
persymmetric standard model. This should be contrasted tpressed, because every term in the analogous expressions
the case with the mass splitting for top squarks which re<ontain the product of more than two or more branching
quires some adjustment in soft parameters. In this paper wetios.
concentrate on the flaton decay into Higgs bosons, as the Through Eqs(26) and(27), these expressions provide the
probably dominant mode, which in any case provides &asis for a calculation 0dN,, as a function of the param-
lower bound on the decay rates to ordinary matter and theresters, if the relative values of the initial flaton densitigsre
fore an upper bound o8N, . known. Here, we perform a less ambitious task, of trying to
identify a region of parameter space allowed by an upper
bound SN, of order 1-0.1(Recall that the former bound is
VI. PARAMETER SPACE ANALYSIS roughly the present ong29], while improvements in the
We have now evaluated all of the direct decay rates foforeseeable future will either tighten the limit by an order of
flatons and flatinos into channels involving axions, as summagnitude or else detect a nonzeid, .) We shall find that
marized in Table I. We have also evaluated some of thesuch a region probably does not exist in the KSVZ case, but
contributions to the direct decay rates of flatons and flatinoshat it certainly does exist in the DFSZ case.
into hadronic matter X. The ultimate objective is to evaluate
the decay ratek (I —X), I'(I—Xa), andIl'(I —aa) for each
of the three flaton species, so as to evaluéitg, through _ )
Egs.(26) and(27). For the reaction§;—aa andF;— X, the As discussed already, the fllatoﬁ§,2 can decay mtq two
direct rates are the same as the total rates, but in the othiIOns, so let us try to see if the generous requirements
cases one has to consider also chain reactions. The reactioBs, ,= I (F1,—aa)I'(F1,—~g0)<3 [see Eq.(26)] can be
F,—X and ¢’ — X can go either directly or through chains, fulfilled in any region of parameter space. From E@s)),
and their rates are (55) and (69), we get

A. Parameter space of KSVZ models
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sina(x>+9) \?

X(9 cosa—x sina)

+Mpo to open the decay mode;— y;h°. These two condi-
tions give rise to the restrictions

Br,=8X 10—4N§(

>1 91
3x’ (1)

f
|f/g|<0.02xN,, and ‘a

cosa(x?+9) )2

-1 —4n2
~8X .
Br, =8x 10N x(9 sina+x cosa)

(88) For the latter condition, we requireME1>,u.

Then we study, in our limit, the constraints given by the
for ag(Mg)=0.1. With e=+1, we find thatBg'<7  conditions Ry =T (¢'—h°A%/T (' —aF;)>10 and R,

X107 “Ng for any value ofx, and B '<6x 10" *Ng/x* in =TI'(Fi—h°h°%/T'(F;—aa)>10. The ratioR are
the limitx— 0. ThereforeBg, can be made small enough for R 1 (g\2u?(A, f)2
x~0.1 butBF1 cannot, taking a reasonable valueMNé. A v 144\ f A]? o g
way out would come from a cosmological evolution of the
flatons. That is, one could imagine a situation in which the 4 2
flatons oscillate only along the direction &f, so that the Re NE M (ﬁ—zix%z
populations ofF; and ¢’ (which can decay intoF) are S V g
suppressed by the order of4l6ompared to that oF ,. But '
this is not probable. On can find similar behavior o+ R. ~10 3x* u g+18f ) 2
—1 in which caseBg, can be made small in the limk P2 X M,‘i 5
2
where M2 ~|(f/g)A¢/u|x?u? and M2 ~12 (f2/g?)x?u?
B. Parameter space of DFSZ models Fi Q) AT X" Fp g7)x"u

In this subsection, we will try to find a region of param- for A/u<12f/g|, andMe, —Me, for A¢/u>12/f/g|.
eter space of the DFSZ models. For this, we consider rather
stringent requirement3,<0.1 for all three flatons and two
flatinos. According to Sec. Il E, this requirement will ensure  Now we identify a region of parameter space, in which
that 6N ,=<0.1. Our strategy is to first write down a set of the above conditions are all satisfied. Recall that we are con-
conditions which ensure the requirement, and then to identifgidering only the regiox®>1, f/g negative, andf/g|<1.

a region of parameter space in which these conditions ar@/ithin this region, we consider the four regions
satisfied.

2. Viable region of parameter space

(1 Ay > f NG
1. Conditions K 9

We first note that the decay rates calculated in the previ- any  2< ﬁ <‘_ X2
ous sections are functions of the 4 variabtesvp /v g, f/9, g
At/ and Ay/p disregarding their overall dependence on fl1A
Fpg. To be as independent as possible of the soft supersym- (nr) ‘— < <2
metry breaking parameters we will try to make analytic com- 9
putations on the rates of the flaton decays into Higgs par- Ag |f
ticles, in particular into the lightest Higgs bosadn’j whose (V) m <lg

mass has an automatic upper bound-df40 GeV[54]. We . .
will concentrate on the region with/g negative andf/g| ~ Depending orA;/u<12/f/g| or A¢/u>12f/g| we define
<1 andx>1. regionsa or regionb.

To open the decay channels of the flatons into Higgs par- We find that all of thea regions are forbidden, and so is
ticles we have, in particular, to impo#, >M,>0 which  the IV, region. The constraints for the other regions are as

requiresAq/u<(|f/g|)x* with follows:
fl A
fA A f (Ip) x>14, AG<O0, 1%—‘<‘—
‘——f x2>2‘—g+—x2 . (89) 9 [m
g u
1IA [f]x* |Ag fx*\?
The positivity of flaton masses requires Yol le 2 e "2 g 2) ©3
Al |f f L
— <x7|=l. 90 () x>9, Ag>0, |-<3x10
M g g
. . . oL A
In case the fl~at|no productE)n ratNes are sizable, we also im o |2 <’_ X2, 2<|29 < | k2. (94)
poseRg =I'(F,— x1h°)/T (F,—aF;)>10 andMgz >M, M
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f ) whenFpq is larger, because entropy production from flaton
(Nllp)  Ag>0, 1<2[—x7, decay more than compensates for the increased axion density
before flaton decay. Besides the axion, the LSP is also a
fl A |f T |Ag good dark matter candidate in the canonical model.the
2 3 < mim <2x107?, g < m <2. (99  other models, the reheat temperature is too low to thermalize

the LSP, which must therefore be unstabla. KSVZ mod-
In addition to these conditions, we need to add the originakls, a third good candidate is the supermassive particle

requirements, that/g be negative withf/g|<1. (The latter
condition is automatically satisfied in regiong &nd lll,,
but not in region |} .) The other original requirement>1 is

whose mass comes mostly from a coupling to one of the
flatons.
Our main concern has been with the highly relativistic

automatically satisfied in all three regions. Note that in allaxion population that is produced by flaton decay. It remains

cases one require€|f/g|=1.

relativistic to the present and therefore makes no contribu-

Within each of these allowed regions, the parameters cafion to the dark matter, but it is dangerous for nucleosynthe-

take on their natural valuefA¢|~|Ag|~|u|~100 GeV,

sis because it is equivalent to very roughii{,~1 extra

vp~vq and|f|~|g|~1, within a factor of 10 or so. neutrino species. At present, the bound at something like the

20 level is 6N ,<1.8 for the “high” deuterium nucleosyn-
thesis scenario anéN, < 0.3 for the perhaps favored “low”

We have explored the cosmology of a supersymmetricleuterium scenario. In the foreseeable future one will either
extension of the standard model, which has a Peccei-Quinhave a boundN,=<0.1 or a detection 06N, .
symmetry broken only by two “flaton” fieldspp and ¢ . We have calculated the rates for all relevant channels and
They have two radial modes of oscillation and one angulagxamined the constraint that the energy density of these ax-
mode (plus the axiol, corresponding to three flatons with ions not upset the predictions of the standard nucleosynthe-
mass of order 100 GeV, and there are two flatinos withsis. We confirm the earlier conjecture, that the KSVZ case is
roughly the same mass. The flatons are the generalizations pfobably ruled out even by the present bousid,<1. For
the saxion which appears in non-flaton models, and the flatithe DFSZ case there are more decay channels. To evade
nos are the generalizations of the axino. complicated phase space suppressions we concentrate on the

VII. CONCLUSIONS

The flaton models have the virtue tHatg is predicted in

decay of the flatons into Higgs bosons, as the masses of the

terms of the electroweak scale and the Planck or GUT scaldightest Higgs boson has naturally a relatively low upper

In the canonical model we have estimateBpq
~10'9409 Gev, and in the more complicated onEsq
=108 Gev.

bound and the mass of the other Higgs boson and flaton
fields are fixed by the parameters of the flatonic potential
itself. In this way, we have found a region of parameter

We have assumed that, has a positive effective mass space in whichvN, will certainly be<0.1 and in which the
squared in the early Universe, so that thermal inflation ocparameters can take on their natural values within a factor of
curs, allowing rather definite predictions. The axion is a goodl0 or so. In its DFSZ version, the flaton model of PQ sym-

dark matter candidate in all casd®y good dark matter

metry breaking will be a candidate for explaining a future

candidate we mean one whose density is predicted to béetection of nonzeréN,, .

roughly in the right ballpark. Bearing in mind that PQ

An interesting question, lying beyond the present investi-

strings are produced after thermal inflation, this simply cor-gation, is whether the allowed region of parameter space can
responds to the received wisdom in the canonical case whet® achieved in a supergravity model with universal soft pa-
Fpo~10" GeV. But the axion is also a good candidate rameters.
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