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Abstract

Theu parameter of the supersymmetric standard model is replacesl,lsyhereS is a singlet chiral superfield, introducing a
Peccei—Quinn symmetry into the theory. Dynamics at the electroweakrstateally solves both the strong CP apdoroblems
as long as. is of order,/Mz / Mp or smaller, and yet this theory has the same number of relevant parameters as the supersym-
metric standard model. The theory will be tested at collidersuthbarameter is predicted and there are long-lived superpartners
that decay to gravitinos or axinos at sepadavertices. To avoid too much saxion cold dark matter, a large amount of entropy
must be produced after the electroweak phase transition. If this is accomplished by decays of a massive particle, the reheat
temperature should be no more than a GeV, strongly constraining baryogenesis. Cold dark matter may be composed of both
axions, probed by direct detection, and saxions, probed by a soft X-ray background arising from degay$Hhere are two
known possiblities for awiding problematic axion domain walls: the iattuction of new colored femions or the assumption
that the Peccei—Quinn symmetry was already broken duringionlan the first case, in our theory the colored particles are
expected to be at the weak scale, while in the second case it implies a good chance of discovering isocurvature perturbations in
the CMB radiation and a relatively low Hubble parameter during inflation.
0 2004 Elsevier B.VOpen access under CC BY license.

1. Introduction aly, U(1)q, can be implemented in one of the sim-
plest extensions of the standard model—models with

A spontaneously broken global symmetry remains W0 Higgs doubleté, > [1]. In order thatf, be much
an attractive solution to the strong CP problh The ~ larger than the weak scala, the primary breaking of
strong CP parametér is canceled by the dynamical Y(1)pgmust come from an electroweak singlet scalar,
relaxation of the resulting pseudo-Goldstone boson, - AS in the DFSZ invisible axion mode[8], these

the axion[2]. A global symmetry with a QCD anom- scalars will have U(Jg-preserving interactions such
asshihy or s2hiho, but nots*h1hy or s*2hyhy. This

extension of the standard model fits well with super-
E-mail address; twatari@Ibl.gov(T. Watari). symmetry (SUSY), except for an immediate question
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of why the masses of the two Higgs doublets are much whereS is a gauge singlet superfield, and the soft pa-

smaller than the scal¢,. This corresponds to the
problem in the supersymmetric standard model.
In this Letter we point out an extremely simple

rameteru B replaced byAis. Alternatively it can be
viewed as the next-to-MSSM without tkes® interac-
tion. There is a U(J9g symmetry that is spontaneously

model that simultaneously solves both the strong CP broken by(s), leading to a Goldstone boson. There-
and u problems without severe fine-tuning. Ours is fore, (s) must be larger than about 10GeV to avoid
certainly not the first such theory (i.e., SUSY DFSZ laboratory and astrophysical constraints. One immedi-
axion models]4-6], but it is very simple and has im-  ate problem is to obtain an appropriate scalar potential
portant consequences foigsals at accelerators and for s; (s) should be non-zero, but should not be infi-
in cosmology. In particular, the gravitino and ax- nite. The superpotentigl) alone neither destabilizes
ino (fermionic SUSY partner of the axion) are much nor stabilizes the flat directian
lighter than the weak scalsp that the superpartners This theory has been studied before as a solution to
produced at hadron colliders end up decaying to either the strong CP problerfY], and a stable vacuum with
gravitinos or axinos possibly with separated vertices. finite (s) was found in the analysis of the scalar poten-
The saxion, the scalar SUSY partner of the axion, is tial involving SUSY breaking. However, the authors
also lighter than the weak scale. All SUSY particles of [7] believed that a fine-tune was necessary to ob-
around the weak scale are unstable, but cold dark mat-tain a stable vacuum, and that an effectivg = A (s)
ter may be composed of axiohgnd possibly saxions.  parameter of order weak scal@, is obtained only
The cosmological saxions lead to astrophysical X-ray as a result of another accidental cancellation between
signals. (s) > m andx <« 1. Theu problem was not solved.

The model is presented in Secti@ Limits on On the other hand, it is knowj8,9] that the the-
the SUSY-breaking scale, and hence on the gravitino ory with (1) has a natural solution to the problem,
mass, are discussed in Sect®rSectiond is devoted provided that the soft mass term foris sufficiently

to the thermal history of the model, including late-time small
entropy production required from saxion evolution. ) —
The final section contains a summary of the predic- |m5| <A"m )

tions of our theory, along with remarks on the differ-

for some dynamical reason (see Sect®)nOnce the
ence of our theory from those [4].

two Higgs doubletd; » acquire veve; = cospv and
v2 = sinBv, the potential fos becomes

2. Model V(s) = —(AAvivas +h.c) + Az(vf + v%)s*s, 3)

leading to a stable vacuum witk) ~ 217 and gen-

We consider a supersymmetric theory at the elec- . .
erating an effective. parameter

troweak scale with a superpotential

Weff = As = AcosB sing 4)

of orderm for any value of, providing a very elegant
solution to theu problem. The crucial point is that the
scale ofu is set byA, not by (s). Thus, our obser-
vation is that the theory described KY) provides a
simple simultaneous solution to the strong CP and
- problems.

1 It is remarkable that the cosmological dynamical relaxation of Of course, to satisfy astrophysical limitg, ~
the axion field during the QCD era can lead to the observed amount (5) > 17, the couplingh. must be very small. We will
of dar!< matter in cold axions, providing the symmetry breaking demonstrate in Sectiohthat some models can yield
scale isf, ~ 10! GeV, one order of magnitude above the lower Y~ = . .
bound set by the SN 1987A constraint. This value ferrequired A~ y/m/Mp, so that the aX|or_1 fjeca_y ConStd@t“es
for the dark matter may be obtained as the geometric mean of the around 16! GeV, naturally giving rise to axions as
supersymmetry (SUSY) breaking scale and the Planck §¢hle cold dark matter.

W =ASH1H> (1)

together with Yukawa interactions of the quarks and
leptons to the Higgs doubletds ». This is certainly

a very simple theory: it is the minimal supersymmet-
ric standard model (MSSM) witlw replaced byAS,
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The spectrum of this theory consists of states in
the chiral multipletsS, in addition to those of the
MSSM [8,9]. The saxion massu;, is of orderim ~
100 eVx (1/1079), and the axino mass is of order
A2m ~ 1077 eV(1/1079)2: these very small masses
are a distinctive feature of our theory. There is no sta-
ble WIMP dark matter candidate at the TeV scale. The
axino is the LSP, but is so light that it will not con-

tribute to cold dark matter—axions and saxions are the

candidates for dark matter.
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indicate f,, close to 181 GeV so that axions necessar-
ily contribute a significant fraction of the dark matter,
but this conclusion requires further scrutiny since our
theory requires entropy dilution of saxion field oscil-
lations, as discussed in Sectién

3. Alight gravitino

The stable vacuum of our theory crucially relies

Various astrophysical processes, that led to the con- gn an assumptionn§| < 1272, There are models of

straints on the axion, also provide phenomenological

limits on the light saxion field. The saxion is light
enough to be emitted from the interior of horizontal
branch stars, and energy loss from saxion emission
which would shorten the lifetime of helium-burning
stars, sets a limit on the Yukawa coupling of the sax-
ion to the electron. The emission is dominated by the
bremsstrahlung-like process + *He — *He+ ¢~ +
saxion, and the constraint on the Yukawa coupling is
given by[10]

1 (me 2 —29
| =< <
s (fa smzﬂ) <1.4x10°%, (5)
or equivalently,
fa > 4sirf B x 1010 GeV. (6)

Saxions are also emitted from SN 1987A, carrying en-

ergy away from the supernova. The energy loss rate
through the saxion turns out to be roughly the same as

that through the axiofiL0], so that the astrophysical
limit on f, is a little stronger thami conventional ax-

ion models. These more stringent bounds apparently

2 The light axino is due to a see-saw mechanism: the fermion
component of theS multiplet has a mass of orde,t(h))z/(Ms)) ~
A2#. This can also be understood in terms of symmetries. Since
S is the only multiplet relevant to the axion, the axino mass must
be Majorana. The mass should be proportionaﬁd)ecause the
superpotentia(1l) has a spurious symmetry under which phases of
S anda are rotated in the opposite directions.

3 When the Kahler potential has a non-renormalizable term
|STS\2/M2, there is another contribution to the axino mass of order
(fa/M)ng/z. For M of order the Planck scalé/p, it does not ex-
ceed 103 eV, due to the upper limits om3,, and f, obtained in
Sections3 and 4 respectively. Thus, none of the discussion in this
article is changed.

4 Production of axinos is sufficiently suppressedraparity re-
quires that they must be produced in pairs.

mediation of SUSY breaking with vanishing%, but
radiative corrections tm§ through the interactio(i)
are also of order?m?. Thus, one should expect ei-

"ther (i) an accidental cancellation between tree-level

and one-loop contributions, or (ii) the SUSY breaking
is mediated at a low energy scale, so that the one-loop
correction is sufficiently small. Let us briefly see how
low the mediation scale should be.

The tree-level potential of the CP-even scalars
shows that the smallest eigenvalue of the mass-squared
matrix is positive wheifig]

2 2
= S ™
i+v9) |~ M3

We roughly take this limit to be|¢| < 0.2. Since the
renormalization-group equation fm§ is given by

om% (1) 22
S _ 2 2 2 2
the one-loop contribution t& is of order
1 Mg
-loop~ ———= In{ — ), 9
&1 loop 272 ()»s ) ( )

where SUSY breaking is assumed to be mediated at
some energy scal®s. Thus, it follows from the vac-
uum stability condition(7) that to avoid any fine-
tuning the “messenger scal@fg is at most one order

of magnitude higher than the electroweak scale. Mod-
els with such a low messenger scale are four[d 2).

For larger values of the messenger scale, the amount of
fine-tuning increases logérmically. For example, for

5 Detailed analysis using tah> 2.5 andu > 120 GeV leads to
—0.15< ¢ < 0.12. For the effects of 1-loop corrections to the scalar
potential, se¢7,11].
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gauge mediated SUSY breaking models with a mes-
senger scale of £0TeV, fine-tuning of order 210 is
required betweetiree and&1-joop.

There is no conflict between the requirement of a
low messenger scale and the large valudfprwhich
is driven by the soft operators. The soft parameters in
the one-loop effective potential are renormalizedsat
because this is the combiian that appears in particle
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axino with a lifetime longer than the age of the uni-
verse, so that the gravitino problem is not alleviated.
However, in Sectiod we see that entropy production
after the electroweak phase transition is required to di-
lute saxion oscillations, and this will also dilute the
gravitinos.

masses. Since we are interested in the scalar potentiakh. Thermal history

for s with As of order the weak scale, the soft para-

meters are evaluated at the weak scale, where they aretl.1. Saxionsand late-time entropy production

local no matter how low the messenger scale is. The

scalar potential of the field is essentially given by

Supersymmetric axion models always involve a

physics at the electroweak scale, even though the vevsaxion field with a mass at most of order the SUSY

(s) ~ f, is much larger than the electroweak scale.
The fine-tuning argument above favors a low me-
diation scale, but does not directly constrain the
fundamental scale of local supersymmetry breaking
Fsusy. However, in supergravity theories all scalars
fields typically’ acquire a supersymmetry breaking
mass, giving a contribution tm§ of order [m3z/ =
Fsusy/~/3Mpi1%, whereMp ~ 2.4 x 10*® GeV is the
Planck scale. For this contribution to satig8) with-
out any fine-tuning, the bound on the scale of local
supersymmetry breaking is

mz2 <100 eVx (1/1079),
V/Fsusy S 300 TeVx (1/107°)

If this bound is saturated we would normally ex-
pect a gravitino problem: the gravitinos are in ther-
mal equilibrium at the weak scale, and although they
are somewhat diluted by later annihilations, they still
give too much hot dark matter. This would lead to an
even stronger bound oyt Fsysy than given above. Al-
though the gravitino is not the LSP, it decays to axion-

2 (10)

6 When the Kahler potential has a certain form, the ordinary

gravity-mediated supersymmetry-breaking masses are absent, and

m§ acquires only an anomaly-mediated piece, which is of order

(Az/4n)aLm§/2. In this case, althouglmgz,, of order the weak
scale is allowed, the discussion in the following sections is not
modified essentially. In Sectiofy the gravitino is no longer light,
but the entropy production requido dilute the saxion oscillation
also dilutes the gravitino number density, and there is no gravitino
problem. It is known that the Affleck—Dine mechanism works for
baryogenesi§l3]. In Section5, we still expect separated vertices in
colliders, although they arise fmo decays to axinos rather than to
gravitinos.

breaking scales:. Thus, there is a flat direction, and
its evolution in the early universe must be examined
carefully.

During inflation the saxion field could be zero or
large, for example, of order the Planck scale, depend-
ing on its coupling to the inflaton. We begin by sup-
posing that it is at the origin. In this case it stays at
the origin until the Peccei—Quinn phase transition is
triggered by the Higgs vev at a temperature of or-
der the electroweak scale, as seen from the potential
of Eg. (3). Immediately after the phase transition, the
saxion field oscillates about the minimum of its po-
tential, with an energy density/;, of order m*. If
the saxion were to decay rapidly enough, for instance,
with a decay rate of ordel” ~ i3/f?2, the field en-
ergy would rapidly convert into radiation giving no
problem. However, the saxion mass is not of order
m, but am. The lifetime of the saxion is of order
7 ~ 10%(1072/1)° x 100 yrs., and is much longer
than the present age of the universe. The oscillation
of the saxion field, which behaves like matter, over-
closes the universe. To avoid this we study the dilution
of the saxion field oscillations by large entropy pro-
duction after the electmeak and Peccei—Quinn phase
transitions.

Let us suppose, for simplicity, that the entropy is
produced via the decays of a massive particle,
which could be the inflaton, curvaton or flaton. During
and after the electroweak phase transition the universe
is dominated by, and is therefore matter-dominated.
While the Hubble parameter is much larger than the
decay rate of th& particle, the energy density of,
px, scales asc 1/a3, whereu is the scale factor. Some
X particles decay at a time much less than Xhéfe-
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time, producing entropy. The total energy density of
radiationp, ~ 7.} does not scale as 1/a*, but rather

aso 1/a%/2, because of the continuous entropy supply
from the X -particle decays. Theskg decays to radia-
tion clearly dilute the saxion field oscillation energy
density. This dilution continues until the age of the
universe becomes comparable to the lifetime ofxhe
particle, whenp,, is also comparable tpx (see, e.g.,
[14]). Along X lifetime, and therefore a low value for
the reheating temperatu&, leads to more dilution.
Any initial thermal saxions are diluted to a negligible
level, while the current number density of cold saxions
in the saxion field oscillation is given by

5
ng 1 TR
%10
n, T (1 GeV)

. (100Ge 47100e
Tpq mg ’
where Tpq is the temperature of the Peccei—Quinn

phase transition, and the dimensionless coefficient
is given by

21\ /2\?3
c~1+< )z %@
22J\5/) ¢
« (gs(TR) )( Vs )
gs(Tpo) Prad pQ‘
Here, the last factoV /o, is evaluated at the epoch of
the Peccei—Quinn phase transition, and7pg) and
gs(TRr) are the effective statistical degrees of freedom
when the temperature is arouffglg and Tz, respec-

tively. The saxion field oscillations contribute to the
present energy density an amount

11)

12)

5 4
Q2= x 101 x (IR 100 Gev) (13)
1GeV Tpq

where
(14 24 (2 2 o y2100ev
C ~ JE— — _

22)\5 Y7 273K

() (%)
gs(TrQ) Prad pQ.

>~ 10.5]

(14)
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and when this bound is saturated, the saxion is also a
significant component of the CDN.

Such a large entropy production not only dilutes
saxions to an acceptable level, but also dilutes other
species. The SUSY particles of the MSSM sector an-
nihilate quickly to lighter SUSY particles, which even-
tually decay to the gravitino or axino. Axino number-
changing reactions have already decoupled by the
electroweak scale, and gravitino number-changing re-
actions freeze-out well beforgz, so that both axinos
and gravitinos are significantly diluted by the entropy
production. Hence, even gravitino masses that satu-
rate the bound of10) do not lead to an amount of hot
dark matter in conflict with observation. Furthermore,
gravitinos and axinos provide negligible contributions
to the effective number of neutrino generations during
BBN and CMB eras.

Entropy production fronX decays also dilutes the
baryon asymmetry, by a factef’z/ T5)°, whereTg
is the temperature at which the baryon asymmetry is
generated. This severe dilution implies that the baryon
asymmetry cannot be created above the weak scale.
One possibility is that a baryon asymmetry of order
unity is created at the weak scale. Another is that
the observed small asymmetry is created in the out-
of-equilibrium decays of theX particles; see[15]
as an example, wherR-parity-violating interactions
W = UDD are required, andk has to be less than
1GeV.

4.2. Relic axion energy density

Let us now turn our attention to the energy den-
sity carried by the axion field. There are two signifi-
cant components: one fromxians emitted by axionic
strings, and the other from the misalignment of the
initial value of the axion field from that of the true po-
tential minimum.

7 To be more precise, the vev’s of the Higgs fields are determined
by a thermal potential, and they change as the temperature falls. The
minimum of thes field is also changing accordingly. Thus, even if
the entropy production dilutes trenergy of the saxion oscillation
when most of theX particles have decayed, one has to further make
sure that such readjustments after the entropy production do not re-
lease too much oscillation energy for the CDM. It turns out that the
Higgs field values are close enough to the vacuum values when the

The saxion energy density does not depend on the temperature is around 1 GeV or lower, and the saxion oscillation

choice of f,. 2cpmh? ~ 0.1 requiresTz < 1 GeV,

due to this late-time readjustments is not cosmologically important.
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The energy density from the axion phase relaxation This string/domain wall system rapidly disappears by

is known to bg18] radiating axion$, and the number density of axions is
N _07 fixed:
Qmish? =0.10 x 10*0-4(7200‘?'\0/'2\/)
18 na string~ HfZA, (18)
w—Ja )7 (15) . .
1011 GeV where A ranges from laf,/H) to unity. This large

uncertainty inA corresponds to the disagreement be-
tween[16] and[17] about the typical energy of axions
emitted from the string network. Since the axion num-
ber density from misalignment is alsl’slfa2 at that
epoch, the resulting relic density from strings 4s
times that of the misalignment axions, just as in the
case of radiation dominanchlote also that another
uncertainty in the relic density arises from assuming
that the energy density of the string network is con-
verted into axion particles when, eff is equal to the
Hubble parameter.

In the case that vanishes after inflation, we have
assumed that there is only a single vacuum in the direc-
tion of the axion field. However, the model presented
in Section2 has three vacua, due to three families con-
tributing to the W1)pglSU(3)¢]? anomaly. The num-
ber of vacua can be reduced to one by introducing
extra colored particles. For instance, introducing two
vector-like pairs of chiral multiplet®; (3) + @; (3%)

f )1.5< Tx )2-0 (16) (i =1, 2), with a coupling
v)

in the absence of the entropy production frafrnde-
cays. This calculation assuma radiation-dominated
background at the epoch of relaxation, when the effec-
tive mass of the axiom, eff ~ 0.1m, x (Aqgco/ Ty)>7
becomes comparable to the Hubble parameté i
around its upper bound 1 GeV, then this assumption
is justified. Given the lower bound ofj, at the end

of Section2, which is more stringent than in conven-
tional models, in our theory the axion energy density
accounts for a significant fraction of CDM, and ax-
ions are clearly a natural candidate for CDM. When
the decay temperature is well below 1 GeV, massive
X particles affect the axion energy density in two ways
[19]. The extra energy density fro particles delays
the epoch of the relaxation of the axion field, and the
entropy fromX decays dilutes the axion energy den-
sity. Combining both effects, the axion energy density
is given by

101 Gev 1Ge

and in order to have axion CDM we require tatbe AW =24, SP; d7, (19)
raised to

Qm|5_h2 ~0.1x (

13 giv_es an anomaly coefficie_nt of 1, so that there is a
f, ~ 101 Gev(l GeV) . 17) unique vacuum. If the couplings (i = 1, 2) are much
R smaller than, then these extra particles have already
been excluded by data. On the other handy;ifare
larger thanx, the SUSY-breaking massesf the ex-
tra particles contribute t§1-i00p at orderi?/x2, re-
quiring excessive fine-tuning. Thus, ~ A, and, as a
consequence, these extra colored chiral multiplets are
initial phase. However, if vanishes during inflation, expgcted at the electroweak SC ale. If these vector-like
particles have the same electric and PQ charges as the

axionic strings are formed after the PQ phase transi- d ¢ ks. then th d by mi
tion is triggered at the electroweak scale. After further up or down-type quarks, then they can decay by mix-

cooling during theX dominated era, the energy den- ing with the known quarks.

sity in strings reaches a fractic(nfa/Mm)Zln(fa/H)

of the total energy density. When the temperature falls 8 There must be only one vacuum in the phase direction. of
SO thatma’eﬁ bgcomes F:Omparable to the Hubble Pa' Otherwise, such string/domain wall system cannot disappear.
rameter, axionic domain walls emerge and the string 9 This argument does not applyiif are so large that their masses
network turns into the boundary of the domain walls. due to(19) are larger than the “messenger scalé?.

ImposingTr = 1 MeV from big bang nucleosynthesis,
the upper bound owi, is f, < 10'° GeV[19].

If s is large during inflation then the axionic strings
from the PQ phase transition are inflated away, and the

axion energy density is from the misalignment of the
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4.3. Early breaking of PQ symmetry

It has been assumed so far in this section that the
s field vanishes after inflation until later times. df
takes a very large valug during and after inflation,
the radial direction of the field, i.e., the saxion field,
starts to oscillate when the Hubble parameter is com-
parable to the curvature of its scalar potential. The
energy of the saxion oscillation has to be diluted in
this case, as well, by an amount that dependsgon
If so is of order of the Planck scale, even the en-
tropy production from theX decays is not enough.
Indeed,ps /px ~ (so/Mp)?> when thes field starts to
oscillatel® and for X decays to provide sufficient di-
lution for saxions, we find that the following condition
should be satisfied:

|MeV
S0 5 SO,max = 1073Mp| X T—R

The initial phase ofg is well-defined and almost
homogeneous inside the present horizon provided the
Hubble parameter during the inflatiati; is smaller
thanso; the phase fluctuation that might be generated
during inflation is of ordeb6 ~ H; /(27 sg) < 1. The
initial phase is preserved in classical evolution of the
s field until the QCD phase transition, when the po-
tential in the phase direction emerges. Since the whole
universe inside the horizon falls into the single vac-
uum, there is no problem of domain walls even in the
absence of the extra colored particles. The estimate
(15) or (16) for £2mis. applies to this case, except that
(i) the initial phase o is used instead of the average
of random phases/+/3, and (ii) the normalization of
fa. can be different because of the different number
of vacua in the phase directi¢b8]. Note that axionic
string network is not formed after inflation in this case,
and the misalignment of the initial phase is the only
source of the cosmological axions.

The phase fluctuatiosy leads to isocurvature den-
sity perturbations in the axions and radiat[@0], giv-

ing
( ) ~ 103 [ Tg SO,max.
isocurv MeV  so

10 Here, the gravity-mediated gdiatic and/or gauge-mediated
logarithmic SUSY-breaking potential foris assumed.

(20)

8T
T

Hy

(21)
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Since the current CMB data is consistent with purely
adiabatic density perturbation, this implieg; <

10* Gev,/Mev , which is quite a non-trivial con-
R SO,max

straint on many models of inflation. If this bound is
saturated, the isocurvature perturbation may be ob-
served in future CMB data.

S0

5. Predictionsand conclusions

In this Letter we have made the observation that
by promoting theu parameter of the minimal super-
symmetric standard model to a field, both the strong
CP andu problems are solved. How will we know
whether this theory is correct?

The first, and most important, test that the the-
ory must pass is that the three paramejersA and
tang, which are independent in the MSSM, must sat-
isfy the relation of Eq(4) [7]. This signals that the
electroweak symmetry breaking sector of the theory is
governed by the superpotential interactio$iH1 Ho,
without the $® interaction of the next-to-MSSM, and
that the vacuum is the one witls) = m /A that oc-
curs when|m?2| < A%v? [8,9]. While verification of
this relation will show how the: problem is solved,
it is clearly insufficient to demonstrate that there is
a PQ solution to the strong CP problem. For exam-
ple, it could be thak ~ 102 and that small explicit
symmetry breaking terms give the would-be axion a
mass of order a GeY9], so that the strong CP prob-
lem is not solved. On the other hand, observing a very
small value fora would provide a strong indication
that (s) = m/X is large and is consistent with astro-
physical constraints on the PQ solution. Such evidence
for smallx could be found in the cascade decays of the
superpartners produced at hadron colliders, as we now
discuss.

Recall that all the superpartners have masses of or-
derm, except for the axino and the gravitino which are
much lighter. An important question is the decay mode
and decay rate of the lightest superpartner amongst
those that have masses of ordgrthe LSP. For large
A the dominant decay of the LSRill be to the axino,

a. For example, if the LSHs a neutralino, it would
decay with a rate.% to eitherha or Za, leading to
the spectacular events discussefbih The last decay
process of the cascade chain takes place well inside
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the beam pipe. However, in axionic theories we have can be detected indirectly from the soft X-rays pro-

1 <1079 and a low value for/Fsysy so that LSP
decays to gravitino;, have a branching ratio com-
parable to or higher thaihat of decays to axinos. The
decay rate to the gravitino i8%/ F3 ,gy, and hence

~ 2 4
' (LSP — cj) ~ ( A ) ( Fsusy) <1 (@2
I'(LSP — G) 109 300 TeV

When /Fsysy <« 300 TeV, the LSP decays are
mainly to gravitinos. The decay vertices are still within

the beam pipe, and the event configuration of decays d®Pisotropic _ 3 nsI'(s — yy)cto

to gravitinos is quite similar to that of decays to axi-
nos. Thus, it may be difficult to distinguish this axionic
theory with/Fsysy < 300 TeV from the theory with
A~ 1072 in [8,9]. In cases with photino LSPhow-
ever, B(LSP — a + y)/Br(LSP — a + Z) is dif-
ferent from BK(LSP — G + y)/Br(LSP — G + Z).
Determination of the mixing in the neutralino sector
might be able to exclude one of the two possibilities
above. When/ Fsysy is close to its upper bound of
300 TeV, the LSPdecay to a gravitino occurs at ver-
tices separated from the primary verféavhile this is

also a typical signal of gauge-mediated SUSY break-

ing with such a value ofsysy, decays at separated
vertices, combined with a positive test of the rela-
tion (4) for u, would give a strong indication that

is small, and that our proposal for simultaneous solu-

tions of strong CP angd problems is correct.

It may also happen that the QCD-charged extra par-

ticles introduced in Sectiod are within the reach of
hadron colliders.

If our theory is correct, hadron colliders will tell
us that the LSP is not in the MSSM sector. They will
also tell us, from the LSRiecay rate, that the gravitino
mass is too small for gravitino cold dark matter. The
axion will be the natural remaining candidate for cold
dark matter.

When f, saturates the lower bound #0GeV, and
Tr ~ 1 GeV, the cold dark matter consists of both sax-

duced by its subdominant decay mode> yy. There

are two sources of this X-ray flux. One is from the
saxions distributed uniformly throughout the universe,
and the other arises from saxions which have fallen
into the gravitational potential of clusters of galaxies
(cf. [22]). The former is observed as an isotropic flux
with a continuous spectrum, because the X-rays emit-
ted long ago and far away appear red-shifted. A rough
estimate for the photon flux is given by

EV
dQdE, 8t  my?/2 mgc2)2
EV —2 —1 —~1 —1
~ 10° cm 2s tstrikev

mgc2/2

100GeW?*/ Tr \°
X

Tpq 1GeV

myc? \ (10 GeV)\?
X(lOOeV)( fa )

for E, < my/2, where matter dominance is assumed
in the first line, and the number density of the sax-
ions in(11)is used in the second line. This is the flux
predicted in extragalactic space—the flux on Earth is
reduced by absorption in the Galaxy, and will have a
modified energy spectrum. Using ROSAT data, the ob-
served extragalactic soft X-ray background is found to
be 30-65 keVcm?s 1str1kev1 for the 1/4 keV
energy regiorj23]. Given the uncertainties in the pre-
dicted flux of(23), the X-ray flux from saxion decays
is consistent with observation. We note here that the
saxion massz; could be as high as 1 keV in a para-
meter region, although we have typically considered
mg ~ 100 eV.

Observations with high angular resolution sug-
gest that 60% (and perhaps more) of the extragalac-
tic X-rays can be attributed to the flux from discrete
sources, such as AGN'’s, in the 1-2 keV energy re-

(23)

ions and axions. The standard axion dark matter searchgion [24]. But it is not clear whether all of the soft

[21] can detect the axion of this theory. The saxion

11 |n the previous section we pointed out that one way to accom-
plish baryogenesis at low temperatures is by introducing ldtge
parity violating operators of the forii D D. In this case the LSRs

X-ray flux is accounted for by such sources in the
sub-keV energy regiorf23-26] and there is still

room for extra fluxes with particle-physics origins.
Further observation with high angular resolution and
long exposure time will certainly help determine the

expected to decay dominantly via these interactions, so that the sep-PUrely isotropic extragalactic component while re-

arated vertex signal is replaced by the signal® gfarity violation.

moving foreground contamination and contributions
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from discrete sources. Furthermore, our X-ray sig-
nal from CDM saxions has a different spectrum from
those of the discrete sources identified2d]. Those
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see that(S’)/M ~ \/m/Mp. The mixing betweers
and S’ is so small in this theory that the phenomeno-
logical analysis given in this article with an effective

fluxes decrease with increasing energy and have tailscouplings = (S")/M is completely valid.

that extend above 1 kef24], while our signal’s flux
increases with energy until it is sharply cut off at an en-
ergy of half the saxion mass. Thus, observations with
high energy resolutiof27] will help identify the X-
ray signal from CDM saxions, when combined with a

better understanding of the foreground absorption and

emission.

The X-rays from saxions bound to a galactic cluster
produce a “line spectrum”, with a widthAE,, /E,, ~
O(v/c) ~ 1072, and an energy:, /(2(1 + z)), with z
the redshift of the cluster. The photon flux at the peak
energy is roughly given by

dDcluster ~ i 1
dQdE,  4m 102E,
~3x 100 cm2s tstrikev?
2,h?

cluster siz
X
52ph? 1 Mpc

% 18 |cluster msC2

10-3/cm3 /\ 100 eV

(1011 GeV)2

X - s ’

fa

where the integration in the first line is along the line of
sight. In order to identify these line-spectrum X-rays,
observations with both high angular resolution and

high energy resolution are required.
As Ty is lowered below 1 GeVf, increases above

/ns|clusterr(5 —>vY),

(24)

The theory with the superpotentidl) is quite sim-
ilar to thos€4] with

1., 1
W= —S'SH Hp + — §"§'“4™
R VA

(n#0,4) (26)

at first sight, but these two classes of theories are quite
different. In our theory § = 0), S’ is neutral under
the Peccei—Quinn symmetignd the mixing between

S’ and S is quite small. Thus, the chiral multiplet

is virtually the only one responsible for the sponta-
neous Peccei—Quinn symmgetireaking. This is one

of the most important reasons why the axino, which
is the LSP, is extremely light in our theory (¢28]).
Another important aspect of our theory is that the sta-
bilization of s results only after the electroweak phase
transition, so that the parameter is predicted in terms
of tang and theA parameter. Therefore, our theory is
not merely a particular case of the theorieflih but is
essentially different. Indeed, the theory of the invisible
axion presented in this article has several predictions
that can be tested in the near future.
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