
PHYSICAL REVIEW D 69, 035006 ~2004!
Neutralino dark matter from minimal supersymmetric standard model flat directions
in light of WMAP results

Masaaki Fujii and Masahiro Ibe
Department of Physics, University of Tokyo, Tokyo 113-0033, Japan

~Received 18 August 2003; published 25 February 2004!

The minimal supersymmetric standard model has a truly supersymmetric way of explaining both the baryon
asymmetry and cold dark matter in the present Universe: that is, ‘‘Affleck-Dine baryo/DM genesis.’’ The
associated late-time decay ofQ balls directly connects the origins of the baryon asymmetry and dark matter,
and also predicts a specific nature of the LSP. In this paper, we investigate the prospects for indirect detection
of these dark matter candidates observing the high-energy neutrino flux from the Sun and hard positron flux
from the halo. We also update the previous analysis of the direct detection of Fujii and Hamaguchi@Phys. Rev.
D 66, 083501~2002!# by implementing the recent results from the WMAP satellite.
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I. INTRODUCTION

The origin of both the baryon asymmetry and dark ma
in the present Universe is one of the most fundame
puzzles in particle physics and cosmology. The recent d
from the Wilkinson Microwave Anisotropy Probe~WMAP!
satellite @1# provides a cosmological abundance of the
quantities with surprising accuracy:

VBh250.022460.0009, VDMh250.112620.0181
10.0161. ~1!

The important things that remain to be done are construc
a realistic model that explains both quantities simultaneou
and investigate its implications in low-energy experiment

The minimal supersymmetric standard model~MSSM! is
the most motivated framework for constructing such
model. The MSSM inevitably contains the lightest supersy
metry ~SUSY! particle~LSP!, which is absolutely stable un
der R-parity conservation and its thermal relic density c
fall in the observed quantity in some specific parame
space. Many works have been carried out to scrutinize
point by assuming various boundary conditions for SU
breaking parameters with a gradually increasing accurac
the calculation of the relic abundance@3,4#. In this point, we
have nothing to add to those works. However, there is
implicit but very important assumption here.

In order for those researches to have something to do
real nature, generation of the observed baryon asymm
must be completed well before the freeze-out time of
LSP. The most natural answer for this is provided by lep
genesis@2#, which supplies the required baryon asymme
by nonequilibrium decays of thermally@5# ~or nonthermally
@6#! produced right-handed Majorana neutrinos. In this ca
0556-2821/2004/69~3!/035006~15!/$22.50 69 0350
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the scenario might be indirectly tested by discoveries ofCP
violation in the neutrino sector, the neutrinoless double-b
(0nbb) decay, and lepton-flavor violations in futur
experiments.1

On the other hand, once we introduce SUSY to the st
dard model, the thermal leptogenesis is not the only minim
scenario to generate the observed baryon asymmetry. Affl
and Dine proposed another minimal scenario of baryogen
by utilizing a flat direction existing in the MSSM, which
carries nonzero baryon number: that is, what we c
Affleck-Dine ~AD! baryogenesis@9,10#. The AD field, which
is a linear combination of squark and/or slepton fields alo
flat directions of the MSSM, can naturally acquire a lar
expectation value during inflation because of the flatness
the potential. After the end of inflation, the AD field starts
coherent oscillation around the origin, which can produce
required baryon asymmetry very efficiently.

In recent developments, however, it became clear that
is not the whole story. The coherent oscillation of the A
field is not stable under spatial perturbations and fragme
into a nontopological soliton, called aQ ball @11#, after doz-
ens of oscillations@12,13#. The large expectation value of th
AD field inside theQ ball protects it from being thermalized
and the decay temperature of theQ ball is expected to be
well below the freeze-out temperature of the LSP. This f
has a very important implication for neutralino dark matt
Particularly, theB-ino-like LSP, which otherwise explain
the required mass density of dark matter in the standard
nario at least in some specific parameter space, inevita
leads to an overclosure of the Universe. This is a gen
problem in Affleck-Dine baryogenesis@14#.

One natural answer for this problem proposed
Hamaguchi and one of the authors~M.F.! is to adopt the LSP
big bang
with the
n

r, we take
from the
nesis and
s

1Recently, the cosmological gravitino problem has been reanalyzed in detail including hadronic-energy release around the
nucleosynthesis~BBN! @7#. If we take their results seriously, we cannot make the standard thermal dark matter scenario consistent
thermal leptogenesis. A detailed discussion of this point is now available in our recent paper@8#, where we found that we need the slepto
NLSP and the gravitino LSP to avoid the gravitino problem. Because these facts were found after the first submission of our pape
a very conservative point of view concerning the thermal leptogenesis in this work. As for the AD baryo/DM genesis, we are free
gravitino problem. This recent development made our main concern much clearer: that it is very important to consider the baryoge
dark matter problems at the same time.
©2004 The American Physical Society06-1
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M. FUJII AND M. IBE PHYSICAL REVIEW D 69, 035006 ~2004!
with a larger annihilation cross section, such as a Higgsin
W-ino @15#. This choice of LSP allows us to explain both th
required baryon asymmetry and dark matter mass den
simultaneously by a single mechanism. In fact, it w
pointed out that some class of AD baryogenesis directly c
nects the ratio of baryon to neutralino mass density,VB /Vx ,
in terms of low-energy parameters, irrespective of inflat
models and other details in the history of the Universe@16#.
Furthermore, the late-time decay ofQ balls opens up new
cosmologically relevant parameter regions, where the s
dard scenario gives only a very small fraction of the requi
mass density—for instance,Vx

thh2.1022–1023 or even
smaller.

In a previous paper@17#, K.H. and M.F. investigated im-
plications of the Higgsino- andW-ino-like nonthermal dark
matter in direct and indirect detection by assuming
gravity-mediated ~MSUGRA! and the anomaly-mediate
~MAMSB! SUSY-breaking models@18#. As for indirect de-
tection, we considered the monoenergetic photons cause
direct annihilation of the neutralinos,xx→gg @19#.

In this paper, we investigate the prospects of detec
possibility in another promising method of an indirect da
matter search observing high-energy neutrino flux from
center of the Sun. We also add a calculation of the expe
high-energy positron flux, which may also serve as
‘‘smoking-gun’’ signal of nonthermal dark matter in the ne
future. Furthermore, we update the analysis of the direct
tection rates in the previous work, since the conditio
adopted for the nonthermal dark matter seem to be too c
servative after the report from the WMAP satellite. W
implement the result to constrain the allowed parame
space in the presence of the late-timeQ-ball decays, which
allows us to have much more definite predictions of
present scenario. For that purpose, we calculate the the
relic density of the LSP by using theMICROMEGAS computer
code@20#, which includes all the possible coannihilation e
fects. As a bonus, we can also clarify the differences in
dark-matter detection rates between the nonthermal and
dard thermal scenarios by appropriately scaling the detec
rates by a factor (Vx

thh2/VDMh2).
As we will see, these new indirect methods provide ad

tional promising ways to find signals of the nonthermal da
matter in our Universe. If indeed the existence of Higgsin
or W-ino-like dark matter is confirmed in future experimen
it strongly suggests that the whole matter in the present U
verse has a truly supersymmetric origin, ‘‘Affleck-Dine
baryo/DM genesis.’’ 2

II. LATE-TIME Q-BALL DECAY IN AD BARYOGENESIS

In the next two sections, we review the nonthermal da
matter generation from the late-time decay ofQ balls, which
generally appears in AD baryogenesis. Readers who are
terested in much details, see Ref.@17#.

2In this paper, we do not discuss AD leptogenesis. In this case
following arguments on neutralino dark matter cannot be appl
See the discussion in Refs.@21,22#.
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AD baryogenesis utilizes the AD fieldf, which is a linear
combination of squarks and/or slepton fields along flat dir
tions in the MSSM. Each flat direction is labeled by a m
nomial of chiral superfields, such asŪD̄D̄, QD̄L, and
QQQL. A complete list of the flat directions in the MSSM i
available in Ref.@23#. During inflation, the fieldf can get a
large negative mass term of the order of the Hubble par
eter,2cHH2ufu2, wherecH is O~1! and positive@24#. This
occurs if the inflaton has a four-point coupling with thef
field in the Kähler potential as

dK5
b

M
*
2

I †If†f, ~2!

with b*1. Here,I denotes the inflaton superfield, andM*
52.431018 GeV is the reduced Planck scale. Actually, su
four-point couplings with the SM fields serve as domina
decay modes of inflatons in many inflationary models.

In this case, thef field is driven far away from the origin
during inflation by this negative mass term. We assume
is the case in the following discussion.3 After the end of
inflation, thef field starts a coherent oscillation around t
origin when its massmf exceeds the Hubble parameter. Th
is the stage where the net baryon asymmetry is generate

The relevant baryon-number-violating operators co
from the superpotential or from the Ka¨hler potential. In the
case of the superpotential, the operator generally has
form

dW5
1

nMn23
fn, ~3!

with n>4. Here, we treatM as the effective scale where th
operator appears.4 Some examples of these terms are giv
by dW}QQQL,ŪŪD̄Ē for n54, and dW

}(ŪD̄D̄)2,ŪD̄D̄QD̄L for n56. Through SUSY-breaking
effects, these operators induce the scalar potential that
erates the baryon asymmetry:

dV5
amm3/2

nMn23
fn1H.c., ~4!

wheream is a coupling constant, andm3/2 denotes the grav-
itino mass.5 The generation of baryon asymmetry can eas
be seen from the equation of motion of the baryon-num
density:

he
.

3Quantum fluctuations during inflation may serve as a driv
force of thef field in the special case, whereucHu!1.

4Note thatM can exceedM* because we include possible su
pression effects coming from coupling constants.

5Here, we have assumed for simplicity that there is noA term of
the order of the Hubble parameter, which is true when the thr
point couplingdK}If†f is absent in the Ka¨hler potential. Even if
such anA term exists, the conclusions in the following do n
change much.
6-2
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NEUTRALINO DARK MATTER FROM MINIMA L . . . PHYSICAL REVIEW D 69, 035006 ~2004!
ṅB13HnB52b ImS ]dV

]f
f D , ~5!

which can be rewritten in the integration form

@R3nB#~ t !52bE t

dtR3ImS ]dV

]f
f D , ~6!

where we defineb as the baryon charge of the AD field suc
that nB5 ib(ḟ†f2f†ḟ) and R as the scale factor of th
Universe.

The nonrenormalizable operator given in Eq.~3! also lifts
the flat direction, and the AD field evolves slowly asufu
.(HMn23)1/n22 until it starts oscillations around the origin
This is the balance point between theF term of dW and the
negative Hubble mass term2cHH2ufu2. During this stage,
the baryon asymmetry is generated through Eq.~6!. This
baryon-number generation is terminated as soon as the
field starts coherent oscillations, because the baryon-num
violating operators given in Eq.~4! dampen very quickly
after the start of oscillation. The amplitude of the AD field
this time is very important information for the following dis
cussion, since it determines the typical size of producedQ
balls, which in turn determines the typicalQ-ball decay tem-
peratureTd . In the scenario we are now considering, t
initial oscillation amplitude of the AD field is given by
ufuosc.(mfMn23)1/n22. Here, the scale ofM is naturally
expected to be*M* . In the case ofn54, however, it is not
the case. This is because these operators are responsib
the proton decay@25#, and at least for the most releva
operatorsM*1025 GeV should be satisfied in order to avo
a too rapid decay@26#. In both then54 andn56 cases, the
required reheating temperature of inflation to explain the c
ile

io
au
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rect amount of baryon asymmetry is aboutTR;102 GeV.
For an explicit expression in each case, see Ref.@17#.

In the case of the Ka¨hler potential, the most relevant op
erators are given by@9#

dK5
l

M
*
2

QŪ†D̄†L,QQŪ†Ē
†
, ~7!

whereulu5O(1) is a coupling constant.6 These operators do
not lift the AD field and other higher-order terms in th
Kähler potential, or theUB2L D term determines the initia
amplitude of the AD field@14#.7 The potential that is respon
sible for the generation of baryon asymmetry has the for

dV5S am

m3/2
2

4M
*
2

f41aH

H2

4M
*
2

f4D 1H.c., ~8!

where am and aH are coupling constants. The generati
mechanism of the baryon asymmetry is the same as
former example. Note that the resultant baryon asymmetr
completely independent ofTR , since the AD field dominates
the energy density of the Universe when it decays.8 This
interesting feature allows us to directly calculateVB /Vx

with low-energy parameters, which is, in particular, indepe
dent of the initial amplitude of the AD field andTR @16#.9 To
obtain the correct abundance of baryon asymmetry in
model, we needufuosc;1016 GeV and hence theU(1)B2L D
term is perfectly suitable for this purpose.

After dozens of oscillations, the AD fields fragment in
Q balls, which absorb almost all of the produced bary
asymmetry. Here we quote the expected size of theQ balls,
Q, produced in each case@17#. If we use the superpotential t
generate baryon asymmetry, it is written as
Q;5 3310203bdeffuamuS 1 TeV

mf
D S M

1026 GeV
D for n54,

3310203bdeffuamuS 1 TeV

mf
D S 1 TeV

mf
D 3/2S M

M*
D 3/2

for n56,

~10!
e to
uper-
wheredeff5O(0.1) is an effectiveCP-violating phase. In the
case of the Ka¨hler potential,

Q;1026S ufuosc

M*
D 2S 1 TeV

mf
D 2

. ~11!

These expressions were first derived analytically@13#, which
has been found to be fairly consistent with recent deta
lattice simulations@27#.

Although they can also be used in anomaly-mediat
models, there appears one complication in this case. Bec
d

n
se

6In order for these operators to be dominant, we generally hav
assume suppressions of nonrenormalizable operators in the s
potential, which can be done, for instance, by imposingR symme-
try.

7In this case, the AD field is stopped at theB2L breaking scale.
8The condition for this statement to hold is discussed in Ref.@16#

with thermal effects taken into account.
9The relation is given as follows:

VB

Vx
.103 –4S mf

2

^sv&x
21D S mp

mx
D deff . ~9!

For the derivation, see Ref.@16#.
6-3
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M. FUJII AND M. IBE PHYSICAL REVIEW D 69, 035006 ~2004!
of the large gravitino mass, there appears a global~or local!
minimum displaced from the origin along the flat directio
@see Eqs.~4! and ~8!#. If the AD field is trapped by this
minimum, it leads to a color-breaking universe. In order
avoid this disaster, we have to restrict the initial amplitude
the AD field as

ufu ini&S mf
2

m3/2
Mn23D 1/(n22)

~12!

in the case of the superpotential@14# and

ufu ini&M*
mf

m3/2
~13!

in the case of the Ka¨hler potential@17#. These conditions can
be easily satisfied if we make use of theU(1)B2L D term to
stop the AD field.

Now, let us estimate the decay temperature of aQ ball. It
is known that the decay rate of aQ ball can be written as@28#

GQ[2
dQ

dt
&

v3A
192p2

, ~14!

wherev.mf , A54pRQ
2 is the surface area of theQ ball,

and RQ.A2/(mfAuKu) is its radius. Here,K denotes the
one-loop correction of the mass term of the AD field:

V~f!5mf
2 F11K logS ufu2

MG
2 D G , ~15!

whereMG is the renormalization scale at whichmf is de-
fined. Note that the negativeness ofK is the necessary an
sufficient condition for theQ-ball formation. From Eq.~14!,
we can calculate the decay temperature of theQ ball as fol-
lows:

Td&2 GeV3S 0.03

uKu D
1/2S mf

1 TeVD 1/2S 1020

Q D 1/2

. ~16!

We can see that the expected decay temperature ofQ balls is
about Td;O(1) GeV if we use the superpotential an
O(10) MeV&Td&O(1) GeV for 1017 GeV*ufuosc
*1015 GeV in the case of the Ka¨hler potential. There is no
big difference also in anomaly-mediated SUSY-break
models.

III. DM GENESIS

Finally, we explain the subsequent consequences of
late-time decay ofQ balls. Although the full Boltzmann
equations to calculate the LSP relic density during the de
of Q balls are rather complicated, especially in the case
the Q-ball-dominated universe, the final abundance of LS
can be approximately expressed by a simple analytical f
@15,17#.

Note that, in any case, the Boltzmann equations for
neutralino LSP are reduced to the single form fort,td :
03500
f
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ṅx13Hnx52^sv&xnx
2 , ~17!

wheretd5Q/GQ denotes the lifetime of theQ ball. Here we
have assumed thatTd is well below the freeze-out tempera
ture of the LSP. Introducing the yieldYx[nx /s, wheres is
the entropy density of the Universe, the above equation
be written as

dYx

dT
5A8p2g*

45 S 11
T

g*

dg*
dT D ^sv&xM* Yx

2 . ~18!

Here,T denotes the cosmic temperature. Because the L
become highly nonrelativistic soon after they are produc
by the Q-ball decays, we can expect that theT-dependent
component of the annihilation cross section is likely to
subdominant. This is particularly true when the LSP ha
non-negligible component of the Higgsino and/orW-ino. In
this case we can writêsv&x.const, and in conjunction
with an additional approximationg* (T).g* (Td)5const,
we can solve Eq.~18! analytically @15#:

Yx~T!5F 1

Yx~Td!
1A8p2g* ~Td!

45
^sv&xM* ~Td2T!G21

.

~19!

We can see that, if the initial abundanceYx(Td) is large
enough, the final abundanceYx0 for T!Td is expressed in-
dependently ofYx(Td) as

Yx0.Yx
approx5A 45

8p2g* ~Td!

^sv&x
21

M* Td
. ~20!

In terms of the density parameter, this is rewritten as@15,17#

Vxh2.0.1S 10

g* ~Td! D
1/2S mx

100 GeVD S 300 MeV

Td
D

3S 1027 GeV22

^sv&x
D . ~21!

This result clearly shows that we need a fairly large ann
lation cross section̂sv&x ; 102(8 –7) GeV22 in order to
explain the required mass density of dark matter with a ty
cal range ofTd . Interestingly, the typical annihilation cros
section of a Higgsino andW-ino has also this size. This
opens up a new possibility to explain both baryon asymme
and dark matter at the same time with a single mechanis

On the other hand, if the first term in Eq.~19! dominates,
the final abundance of the LSP is given by

Yx0.Yx~Td!'S nB

s D
0
S nf

nB
D , ~22!

where (nB /s)0.10210 is the current value of the baryo
asymmetry and (nf /nB) is fixed when the AD field starts
coherent oscillations and remains the same until it fina
decays. Such a situation appears when the LSP is nearly
B-ino. One can easily understand this relation by noting t
each decay of thef field produces nearly one LSP. In th
6-4
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NEUTRALINO DARK MATTER FROM MINIMA L . . . PHYSICAL REVIEW D 69, 035006 ~2004!
case, the late-time decay ofQ balls causes a big difficulty
From Eq.~22!, we can see that it results in too large a ma
density of the LSP:

Vx'S nf

nB
D S mx

mp
DVB . ~23!

Note that, because ofR-parity conservation, the relatio
(nf /nB)>3 always hold. In order not to overproduce LS
in the presence of the late-time decay ofQ balls, we need an
extremely lightB-ino:

mx&1.7 GeVS Vx

5VB
D , ~24!

which is clearly unrealistic.

IV. LOW-ENERGY CONSEQUENCES IN DIRECT
AND INDIRECT DETECTIONS

As we have seen in the previous section, the late-t
decay of Q balls requires a quite large annihilation cro
section of the LSP to provide the required mass density
dark matter. In the rest of the paper, we consider the lo
energy consequences of this result in several dark-ma
searches by adopting the MSUGRA and MAMSB mode
First, we investigate the detection possibility of nontherm
dark matter in direct detection and then calculate the indi
detection rate observing the high-energy neutrino flux fr
the center of the Sun. We also add the estimation of the h
positron flux, which is produced by the direct decays
gauge bosons produced by pair annihilations of the LSP

We have already had an estimation of the direct detec
rate of nonthermal dark matter in the previous work@17#.
However, this time, we further restrict the allowed parame
space by implementing the recent WMAP result@1#, which
gives us more definitive predictions of AD baryogenes
Furthermore, we compare various detection rates of nont
mal dark matter with those in the standard thermal scena
The required annihilation cross section of the LSP in A
baryogenesis would lead to only a very small fraction of
required dark-matter density in the standard scenario.
cause the detection rates are proportional to the local n
tralino density in the first two detection methods, we c
obtain the corresponding detection rates in the standard
nario by rescaling them by a factor of (Vx

thh2/VDMh2). In
the case of the positron flux, this rescaling can be done
multiplying by a factor of (Vx

thh2/VDMh2)2. These proce-
dures clarify the differences of the detection rates betw
the nonthermal and standard scenarios at the same SU
breaking parameters.10

10We have independently constructed all required computer
grams for the above-mentioned detection methods. We found q
good agreements to the results in other papers based on
DARKSUSY computer code.
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A. Direct detection

If the neutralino LSP is a dominant component of ha
dark matter, we may observe a small energy deposit with
detector due to LSP-nucleus scattering. This observation
provide the most promising way to confirm the existence
neutralino dark matter. The interactions of neutralinos w
matter are usually dominated by scalar couplings for re
tively heavy nucleiA*20 @29,30#. These interactions are
mediated by lighth and heavyH exchanges or sfermionf̃
exchanges. The former diagrams containhxx andHxx cou-
plings, which are suppressed forB-ino-like LSPs. On the
other hand, if the LSP has a significant component of
Higgsino, these couplings are strongly enhanced. In the c
of W-ino-like dark matter, they are also enhanced by a fac
of g2 /(g1tanuW). These facts give us a much more prom
ing possibility to find signals of nonthermal LSP dark mat
in the near-future experiments@17#. In this section, we inves-
tigatex-proton scalar cross section@31,30# in the MSUGRA
and MAMSB models, for both the nonthermal and stand
thermal freeze-out scenarios.

1. Parameter space and direct detection in the MSUGRA mod

First, let us discuss the allowed parameter space and
responding decay temperature ofQ balls to explain the re-
quired dark-matter density. In the framework of MSUGR
there are four continuous free parameters and one bin
choice:

m0 , M1/2,A0 ,tanb,sgn~m!, ~25!

wherem0 , M1/2, andA0 are the universal soft scalar mas
gaugino mass, and trilinear scalar coupling given at
grand unified theory~GUT! scale MG.231016 GeV, re-
spectively. All couplings and mass parameters at the w
scale are obtained through renormalization group~RG! evo-
lution. We have used theSOFTSUSY 1.7 code@32# for this
purpose. The code includes two-loop RG equations, one-l
self-energies for all particles, and one-loop threshold corr
tions from SUSY particles to the gauge and Yukawa coupl
constants following the method of Ref.@33#.

In Fig. 1~a!, we show contours of the relic neutralino de
sity in the standard thermal freeze-out scenario,Vx

thh2, for
tanb545 in the (m0 , M1/2) plane. The figure also contain
the contours of thex-proton scalar cross sectionsx2p ,

o-
ite
the

FIG. 1. ~a! The contours ofVx
thh2 andsx2p @pb#. ~b! The decay

temperature ofQ balls which leads to the desired mass density
dark matter (tanb545).
6-5
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which will be explained later in this section. We have us
theMICROMEGAS code@20# to compute the relic density here
The three thick lines are contours ofVx

thh2, corresponding to
Vx

thh250.1, 0.3, and 1.0 from the bottom up, respectively
Here, we have takenA050 and the sign ofm to be posi-

tive which is desirable to avoid a large deviation of t
branching ratio of theb→sg from observations. We conse
vatively adopted the following constraint on theb→sg
branching ratio:

231024,B~B→Xsg!,431024. ~26!

The dark shaded region denotes where the above cons
is violated.11 The region below the black solid line is ex
cluded by the chargino mass limitmx6>104 GeV@35#. The
mass of the lightest Higgs boson is smaller than 114 GeV
the light shaded region, which is excluded by the CER
e1e2 collider LEP II @36#. The black shaded regions a
excluded because electroweak symmetry breaking does
take place or the lightest stau becomes the LSP.

As we can see from Fig. 1~a!, Vx
thh2 are too large to be

consistent with the WMAP resultVDMh250.112620.0181
10.0161 in

most of the parameter space. However, as the paramete
approach the ‘‘focus point’’@37# region (m0*TeV), the pair
annihilation of neutralinos becomes more efficient beca
of the increase of the Higgsino component in the LSP, a
then, there appears a very thin parameter region that g
the correct abundance of the LSP@38#.12 As we further in-
creasem0 , V thh2 continues to decline, and the late-time d
cay ofQ balls comes to be allowed to play an important ro

In Fig. 1~b!, we show the decay temperature ofQ balls in
the (mx , Td) plane, which leads to the desired mass den
of dark matter@see Eq.~21!#. The light shaded~green! points
denote the requiredTd’s for 0.03<Vx

thh2<0.1 and the dark
shaded~blue! points for Vx

thh2,0.03. This result suggest
that the desirable parameter sets for the present sce
would give V thh2,0.03 in the thermal freeze-out scenar
since Td<O(1) GeV is expected in the typical models
AD baryogenesis~Sec. II!. We can also see that the antic
patedQ-ball decay temperature prefers the existence o
relatively light neutralino,mx&300 GeV.

In the above calculation of the decay temperature,
have included only thes-wave contribution in the annihila
tion cross section of the neutralinos for the reasons expla
before. We have also neglected the possible coannihila
effects with the lightest charginos. This procedure can
justified as long as the decay temperature of theQ ball is
smaller than their mass differencedm. Actually, this condi-

11Even if we adopt the recent PDG average of CLEO and B
measurements,B(B→Xsg)5(3.360.4)31024 @34#, the allowed
parameter space in the focus point region is not affected at all
the other hand, the parameter space in the coannihilation regio
severely constrained in the case of large tanb.

12At the left border of the figure,V thh2 can give the required
abundance of dark matter. This is the so-called coannihilation
gion where theB-ino-like LSP is almost degenerate with the lighte
stau.
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tion is satisfied in almost the entire parameter space, wh
we have confirmeddm5O(10) GeV.

Now, let us turn our attention to direct detection of no
thermal dark matter. As one can see from Fig. 1~a!, the
x-proton cross sectionsx2p becomes larger asm0 increases
because of the increase of the Higgsino component in
LSP. Since the increase of the Higgsino fraction reduces
relic density, we can expect a larger direct detection rate
the nonthermal scenario. In Fig. 2, we show the effect
x-proton cross section in the (mx , jsx2p) plane in the
MSUGRA scenario with tanb545. Figure 2~a! shows the
cross section in the nonthermal scenario (j51), and Fig.
2~b! shows it in the standard thermal scenario. In Fig. 2~b!
the cross section is rescaled by multiplying by a factor oj
5(Vx

thh2/VDMh2) where Vx
thh2 is smaller thanVDMh2,

since the detection rate is proportional to the local neutra
density.13

The dark shaded~blue! points in the both figures corre
spond to the MSUGRA parameters withVx

thh2<0.03, the
light shaded~green! points to those with 0.03<Vx

thh2<0.1,
and the medium shaded~purple! points to those with 0.1
<Vx

thh2<0.3. We also plot the parameter sets which a
consistent with the WMAP experiment (Vx

thh2

50.112620.0181
10.0161) in the standard thermal scenario as bla

‘‘ ; ’’ points,14 which are also plotted in Fig. 2~a! just for
convenience for comparison. The four lines denote the s
sitivities of several direct detection experiments: ZEPL
MAX @39#, GENIUS @40#, EDELWEISS II @41#, and CDMS
~Soudan! @42# from the bottom up, respectively. In Figs.
and 4, we also show the corresponding figures for tab
510 in the MSUGRA model, where conventions are t
same as in Figs. 1 and 2.

In the above calculations, we have adopted the follow
values of the proton matrix elements for each of the th
light quarks:

f Tu
50.019, f Td

50.041, f Ts
50.14, ~27!e

n
is

e-

13WhenVxh2 in the thermal scenario is smaller than theVDMh2,
the total dark matter should consist of several populations in a
tion to the neutralino.

14The absence of; points in the coannihilation region is becau
of the small number of samplings in our calculations.

FIG. 2. The effective cross section of the proton-x scalar inter-
action in the MSUGRA scenario.~a! The nonthermal scenario.~b!
The standard thermal freeze-out scenario (tanb545).
6-6
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NEUTRALINO DARK MATTER FROM MINIMA L . . . PHYSICAL REVIEW D 69, 035006 ~2004!
where f Tq
[^pumqqq̄up&/mp . For details about the calcula

tion of the proton-x cross section, see Refs.@31,30#.
From Figs. 2 and 4, we can see a clear difference betw

the thermal and nonthermal scenarios. First of all, the de
tion rates in the nonthermal scenario are larger than thos
the standard scenario, denoted by; points, by several
times, and most of the parameter space can be thorou
surveyed by next generation detectors.15 Second, since the
preferred parameter sets for AD baryogenesis predict q
small relic densities in the thermal freeze-out scenario,
detection rates for the corresponding points in the stand
scenario become much smaller than in the nonthermal
nario. This may play a crucial role in revealing the true th
mal history of our Universe in the future.

2. Parameter space and direct detection in the MAMSB mode

Anomaly-mediated SUSY breaking@18# is another inter-
esting way to mediate SUSY-breaking effects to the MSS
sector without conflicting with the well-known flavor
changing neutral current~FCNC! problem. In the pure
AMSB model, all soft SUSY-breaking parameters are fu
determined byb functions of gauge and Yukawa couplin
constants and anomalous dimensions of matter fields. Q
unfortunately, however, the pure AMSB model predic
negative slepton masses and hence is not capable of des
ing the real world.

Although many possible solutions have been propose
this problem, we adopt the simplest solution in the pres
paper. We just assume the additional universal scalar m
m0 at the GUT scale and then evolve the RG equations
obtain the low-energy spectrum. In this minimal framewo
~MAMSB!, the entire parameter space is specified by
following four parameters:

m3/2, m0 ,tanb,sgn~m!. ~28!

In this model, the gaugino masses are not modified and
most the same as those in the pure AMSB model exc

15In Fig. 2, there are some points which lie fairly below the;
points, where the LSP is nearly pure Higgsino. At these points,
need to include higher-order corrections to the neutralino–Hig
boson coupling constant to obtain accurate detection rates@43#.

FIG. 3. ~a! The contours ofVx
thh2 andsx2p @pb#. ~b! The decay

temperature ofQ balls which leads to the desired mass density
dark matter (tanb510).
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higher-order quantum corrections. Their ratios at the we
scale are approximately given by

M1 :M2 :M3'2.8:1:28.3, ~29!

and theW-ino-like LSP is realized in almost the entire p
rameter space. This fact has an important impact on the
mology in the MAMSB model.

In Fig. 5~a!, we show the contours of the relic neutralin
density in the thermal freeze-out scenario and thex-proton
scalar cross section for the case of tanb530 in the (m0 ,
m3/2) plane. The horizontal lines correspond to the conto
of the relic density, withVx

thh251023.2, 1023.0, and 1022.8,
from the bottom up, respectively. Here, we have tak
sgn(m) as negative to avoid too large a contribution to t
branching ratio ofb→sg. The dashed lines are contours
the x-proton scalar cross sectionsx2p whose value is ex-
plicitly denoted in the figure. The light shaded region is e
cluded by the chargino mass limit@44#. The lightest Higgs
boson is lighter than 114 GeV in the dark shaded region. T
black shaded region denotes the region where the e
troweak symmetry breaking cannot be implemented or
lightest stau or sneutrino becomes the LSP.

As we can see from Fig. 5~a!, Vx
thh2 is much smaller than

the required abundance of LSPs because of the large an
lation cross section of theW-ino-like LSP in most of the
parameter space. Therefore, anyway, we need some
standard thermal history to explain the required mass den
of dark matter in this model if we insist on the LSP as
primary component of cold dark matter. The most natu

e
s-

FIG. 4. The effective cross section of the proton-x interaction in
the MSUGRA scenario.~a! The nonthermal scenario.~b! The stan-
dard thermal freeze-out scenario (tanb510).

FIG. 5. ~a! The contours ofVx
thh2 andsx2p @pb#. ~b! The decay

temperature ofQ balls which leads to the desired mass density
dark matter (tanb530).
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M. FUJII AND M. IBE PHYSICAL REVIEW D 69, 035006 ~2004!
answer to this problem is given by Affleck–Dine baryoge
esis. If we use this mechanism to explain the obser
baryon asymmetry, the associated late-timeQ-ball decays
with typical decay temperatureTd&O(1) GeV can naturally
generate the required abundance of LSPs at the same
@15,17#. In fact, almost the entire parameter space of
MAMSB model is consistent with the Affleck–Dine baryo
DM-genesis scenario.16

In Fig. 5~b!, we show the decay temperature ofQ balls in
the (mx ,Td) plane, which leads to the required mass dens
The dark shaded~blue! points correspond to the paramete
with ZH<0.01, the light shaded points~green! to those with
0.01<ZH<0.03, and the medium shaded~purple! to those
with 0.03<ZH , where ZH is a Higgsino fraction in the
LSP.17 One can see that the required decay temperatures
about one magnitude smaller than those in the MSUG
model, which comes from a larger annihilation cross sect
of the W-ino-like LSP. As in the case of the MSUGR
model, we have included only thes-wave contributions in
the annihilation cross section of the neutralino to calcul
the decay temperature. We have also neglected pos
coannihilation effects with the lightest charginos. In t
MAMSB model, however, the mass splitting between t
lightest chargino and neutralino is of the order of 100 M
;1 GeV @46#, which has a comparable size toTd . Hence,
the coannihilation effects may slightly change the requi
decay temperature, which is at most a factor of a few.

Now, let us discuss the direct detection rates in
MAMSB model. In Fig. 5~a!, there are two important factor
to determine thex-proton cross section in this model. Whe
the LSP is nearly pureW-ino (m0&2 TeV), the x-proton
cross section is determined dominantly by the heavy Hi
boson exchange because of a large tanb enhancement. In
this region, the shape of contours are controlled by the he
Higgs boson massmH , and thex-proton cross section scale
as sx2p}1/mH

4 . As the parameter sets come close to
focus point region, the Higgsino component in the LSP
comes significant. In this region, thex-proton cross section
is primarily determined by the light Higgs boson exchan
and the contours ofsx2p are controlled by the Higgsino
fraction and have the same behavior seen in the MSUG
model.

In Fig. 6, we show the effectivex-proton cross section in
the (mx ,jsx2p) plane for both the nonthermal~a! and the

16In Ref. @45#, the authors have proposed a generation mechan
of W-ino dark matter by late-time decays of heavy modulus fiel
In this case, however, we have to tune its coupling to the SM fie
to obtain the correctW-ino abundance. Furthermore, anyway, w
have to rely on AD baryogenesis to produce enough baryon as
metry in the presence of the huge entropy production from
modulus decays.

17The lightest neutralinox1
0 is defined as

x1
05N11B̃1N12W̃

31N13H̃1
01N14H̃2

0 , ~30!

where the coefficientsN1 j are obtained by diagonalizing the ne
tralino mass matrix. Here, we callZH5uN13u21uN14u2 the Higgsino
fraction.
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thermal freeze-out scenarios~b!. The four lines are the sen
sitivities of several direct detection experiments explained
the previous section. The conventions of the shading~color-
ing! of the plotted points are the same as those in Fig. 5~b!:
it shows the Higgsino fraction in the LSP. As in th
MSUGRA model, we have setj51 in the nonthermal sce
nario andj5(Vx

thh2/VDMh2) in the thermal scenario to ob
tain the effectivex-proton cross section.

From the figures, in the nonthermal scenario, one can
that a large portion of the focus point region and the sm
mH region (m0&1 TeV) are within the reach of next gener
tion experiments. The bulk of the parameter space, where
Higgsino component of the LSP is very small andmH is
large, is difficult to survey. In the case of the thermal free
out scenario, there is almost no hope to detect the signa
SUSY dark matter in the entire parameter space becaus
the smallness of the relic density of the LSP (j!1). In Figs.
7 and 8, we also show the corresponding figures for tab
510, where the conventions are the same as those in Fig
and 6.

B. Indirect detection observing neutrino flux from the Sun

In this section, we discuss one of the most promis
methods of indirect detection for neutralino dark matt
which observes energetic neutrinos from annihilation of
LSP in the Sun. If halo dark matter consists of LSPs, the L
has a finite possibility to be captured by the Sun by an ela
scattering with a nucleus therein. Once captured, LSPs a

m
.
s

-
e

FIG. 6. The effective cross section of the proton-x interaction in
the MAMSB scenario.~a! The nonthermal scenario.~b! The stan-
dard thermal freeze-out scenario (tanb530).

FIG. 7. ~a! The contours ofVx
thh2 andsx2p @pb#. ~b! The decay

temperature ofQ balls which leads to the desired mass density
dark matter (tanb510).
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NEUTRALINO DARK MATTER FROM MINIMA L . . . PHYSICAL REVIEW D 69, 035006 ~2004!
mulate around the center of the Sun through additional s
terings with nuclei. Those LSPs which have accumulated
this way can annihilate with another LSP producing vario
decay products. Although most of them are immediately
sorbed through interactions with surrounding matter to le
no evidence of their existence, the produced neutrinos
escape out of the Sun and reach terrestrial detectors.

Especially, an energetic muon neutrino which esca
from the Sun and reaches the Earth can be converted in
muon through a charged current interaction during pass
through the rock below the detector. These muons indu
from energetic neutrinos can be detected by various as
physical neutrino detectors installed deep under ground,
water, or Antarctic ice. Since competing backgrounds
relatively well understood and also the nearby local h
density is constrained better than the entire halo pro
which is still highly controversial, we can make more de
nite predictions of the expected signal than in cosmic-
searches. In the rest of this section, we investigate the
sequences of the Affleck-Dine baryo/DM-genesis scenari
this indirect detection method in the MSUGRA and MAMS
models, in turn.

1. Neutrino-induced muon flux from the Sun
in the MSUGRA model

First, let us discuss the prospects of the indirect detec
of the neutrino-induced muon from the Sun in the MSUGR
model. Readers who are interested in full details of the
quired calculations, consult the excellent review given
Ref. @30#.

FIG. 8. The effective cross section of the proton-x interaction in
the MAMSB scenario.~a! The nonthermal scenario.~b! The stan-
dard thermal freeze-out scenario (tanb510).

FIG. 9. Them flux from the Sun in the MSUGRA scenario.~a!
tanb545. ~b! tanb510. Here, the local neutralino density is fixe
asrx50.3 GeV/cm3.
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In Fig. 9, we show the contours of the induced muon fl
expected to be observed in a detector, where the dashed
denote the expected flux and the other conventions are
same as those in Figs. 1 and 3. Note that, in this figure,
local neutralino density is fixed asrx50.3 GeV/cm3 irre-
spective of the relic density, and hence, the actual detec
rate in the thermal freeze-out scenario must be modified
cording to the value ofVx

thh2.
Once we fix the local neutralino density, the size of t

neutrino flux is primarily controlled by the neutralino captu
rate of the Sun. Hence, the elastic scattering cross sec
between the LSP and nucleus in the Sun, not the annihila
cross section of the LSP, determines the resultant neut
flux. Since the matter of the Sun largely consists of hyd
gen, the spin-dependent interaction throughZ-boson ex-
change is the most important ingredient to determine
scattering cross section. The coupling to theZ gauge boson is
proportional toN1,3(4)

2 , and thus the flux becomes larger
the Higgsino component in the LSP increases.

A large Higgsino fraction in the LSP has another adva
tage in this detection method. The detection probability
an energetic neutrino by observing the neutrino-induced
ward muon is proportional to the second moment of the n
trino energy. This is because both the charged-current c
section and the range of produced muons are roughly pro
tional to its energy. If the LSP has a significant fraction
Higgsino component, it can annihilate into a pair ofW or Z
gauge bosons with a large branching ratio. Since the su
quent decays of these gauge bosons produce the most

FIG. 10. Them flux from the Sun in the MSUGRA scenario.~a!
The nonthermal scenario.~b! The standard thermal freeze-out sc
nario (tanb545)

FIG. 11. Them flux from the Sun in the MSUGRA scenario.~a!
The nonthermal scenario.~b! The standard thermal freeze-out sc
nario (tanb510).
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M. FUJII AND M. IBE PHYSICAL REVIEW D 69, 035006 ~2004!
getic neutrinos, a large Higgsino component is very adv
tageous for the neutrino detection.

In Fig. 10, we show the expectedm flux from the Sun in
the MSUGRA model with tanb545, in the nonthermal~a!
and in the thermal freeze-out scenarios~b!. Shading~color-
ing! conventions are the same as those in Fig. 2: dark~blue!
points for Vx

thh2<0.03, light ~green! points for 0.03
<Vx

thh2<0.1, and medium~purple! points for 0.1<Vx
thh2

<0.3. For the nonthermal scenario, we have calculated
expected muon flux with a fixed local neutralino densityrx

50.3 GeV/cm3. As for the thermal freeze-out scenario, w
have taken smallness of the local neutralino density into
count by multiplying a factor j5(Vx

thh2/VDMh2) as
before.18 The black solid lines denote the present bound
the muon flux from Super Kamiokande@47#. The other two
solid lines represent expected sensitivities for the muon
in the near future experiments: ICECUBE@48# and AN-
TARES ~3 years! @49# from the bottom up, respectively.

Figure 10 clearly shows the advantage of the nonther
scenario in neutrino-induced muon detection. In t
MSUGRA model, the late-timeQ-ball decay requires a quit
large annihilation cross section, which, in turn, requires
significant fraction of Higgsino component in the LSP. Th
promises us a significant possibility to discover high-ene
neutrino signals in the near future. Especially, for relat
light neutralinosmx&mt , there is a big possibility even fo
ANTARES, which is now in the last phase of its constru
tion, to find the signals. Furthermore, after deployment of
ICECUBE detectors, we can survey the whole parame
space of the nonthermal scenario. Similar features can
seen in Fig. 11, which is a corresponding figure for tanb
510.

2. Neutrino-induced muon flux from the Sun
in the MAMSB model

Now, let turn our attention to the MAMSB model. Sinc
the LSP in the MAMSB model is mostly composed
W-inos, the spin-dependent~and also scalar! scattering cross

18Although this is not the exact treatment, it gives an excell
approximation, since the equilibrium state between capture and
nihilation is well realized in almost the entire relevant parame
space.

FIG. 12. Them flux from the Sun in the MAMSB scenario.~a!
tanb530. ~b! tanb510.
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section of the LSP with matter in the Sun is relatively sma
This reduces the expected muon flux compared to
Higgsino-like dark matter.

In Fig. 12, we show the contours of the expected mu
flux in the MAMSB model with tanb530 ~a! and tanb
510 ~b!. The dashed lines denote the expected muon fl
whose value is explicitly presented in the figure. The oth
conventions are the same as those in Fig. 5~a!. As in the
previous section, the local neutralino density is fixed asr
50.3 GeV/cm3, and hence we need an adjustment in t
thermal freeze-out scenario to obtain correct predictions.
muon flux increases as the parameter sets approach the
point region, where the LSP has a significant Higgsino fr
tion as in the MSUGRA case.

Figure 13 shows the expected muon flux for (tanb530)
in the nonthermal~a! and in the thermal freeze-out scenari
~b!. For the nonthermal case, we have set the local neutra
density asrx50.3 GeV/cm3, and for the thermal case, w
have rescaled the flux by multiplying a factorj
5(Vx

thh2/VDMh2) to take the smallness of the local ne
tralino density into account.19 From this figure, we can se
that there is almost no chance to find energetic neutrino
nals in the thermal freeze-out scenario, even after comple
of the ICECUBE project. In other words, in the MAMSB
model, it strongly indicates the existence of nonthermal d
matter if we find energetic neutrino signals in the future e
periments. We present the corresponding figure for tab
510 in Fig. 14.

C. Indirect detection observing hard positron flux
from the halo

Finally, in this section, we discuss another promising w
to indirectly detect the existence of neutralino dark matt
search for an excess of positron flux in cosmic rays in spa
based or balloon-borne experiments. At low energies, the
pected positron flux has a large uncertainty for a lack
precise knowledge about competing backgrounds. Altho

t
n-
r

19The equilibrium between capture and annihilation of the LSP
realized also in the MAMSB model. We found that an error larg
thanO(1%) due tothis rescaling method only appears in the regi
where the muon flux is quite small,Fm<O(1) km22 yr, in the
nonthermal scenario.

FIG. 13. Them flux from the Sun in the MAMSB scenario.~a!
The nonthermal scenario.~b! The standard thermal freeze-out sc
nario (tanb530).
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NEUTRALINO DARK MATTER FROM MINIMA L . . . PHYSICAL REVIEW D 69, 035006 ~2004!
the positron background is most likely to be composed
secondaries produced in the interactions of cosmic-ray nu
with interstellar gas, which is expected to fall as;Ee1

23.1,
this background suffers from a large ambiguity coming fro
the solar wind at energies below;10 GeV@50,51#. It is also
affected by the orbit path of the experiment. Fortunately
high energies, these effects are strongly suppressed, an
can hope to have a meaningful signal. In addition, at h
energies, the positrons lose their energy through various
cesses, and it is known that they can reach the detectors
when they are produced within a few kpc@50,51#. Therefore,
as for the hard positron spectrum, the result is rather ins
sitive relative to the controversial halo profile near the gal
tic center.20

The dominant source of the most energetic positron flu
the annihilation of two neutralinos into aW6 or Z0 pair,
which is followed by the direct decay of theW1 into ane1

and ne or decay of theZ0 into an e6 pair.21 The positrons
produced in this way have an average energy of half
parent neutralino mass, and their spectrum has a peak ar
this energy, where the signal-to-background ratio is ma
mized.

We use the following result of the differential positro
flux given in Ref.@51#:

E2
dFe1

dVdE
52.731026 cm22 s21 sr21 GeV

3S rx

0.3 GeV/cm3D 2S 100 GeV

mx
D 2

(
i

s iv
pb•b i

Be1
i

3E
z2
i

z1
i

dzg~z,E/mx!, ~31!

where i denotes an annihilation channel of the neutralin
into gauge bosons. The other required expressions are a
able in Refs.@51,52#. Although we adopt the modified iso
thermal distribution with halo size 4 kpc as the halo profi

20But it is affected by the ‘‘clumpiness’’ of the local dark-matte
density.

21The positron line signal from direct annihilation into ane6 pair
is helicity suppressed, and we will not consider it in this paper.

FIG. 14. Them flux from the Sun in the MAMSB scenario.~a!
The nonthermal scenario.~b! The standard thermal freeze-out sc
nario (tanb510).
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other choices do not change the main results for the rea
explained before. We use E2dFe1 /dVdE51.16
31023E21.23 as a fit of the positron background@52#.

1. Hard positron flux in the MSUGRA model

First, let us discuss the hard positron flux in th
MSUGRA model. As discussed above, the hard positron fl
is determined by the neutralino annihilation cross sect
into a pair of gauge bosons.

Therefore, we can expect that the flux increases as
Higgsino component in the LSP increases, which makes
current nonthermal scenario much more advantageous
the standard thermal freeze-out scenario.

In Fig. 15, we show the contour plot of the positro
signal-to-background ratioS/B at Eopt, where theS/B is
maximized. The solid~red! lines are the contours ofS/B
whose value is denoted in the figure. Other conventions
the same as before. Note that, in this calculation, we h
fixed the local neutralino density asrx50.3 GeV/cm3 irre-
spective of the thermal relic abundance.

In Fig. 16, we show the positronS/B ratio in the nonther-
mal ~a! and thermal freeze-out scenarios~b! in the MSUGRA
model with tanb545. In the case of the nonthermal sc
nario, we have set the local neutralino density asrx

50.3 GeV/cm3, which meansj51. As for the thermal
freeze-out scenario, we have rescaled theS/B ratio by mul-
tiplying by a factor ofj25(Vx

thh2/VDMh2)2 where Vx
thh2

,VDMh2 so that we can take the size of the neutralino re
abundance into account. The shading~coloring! conventions
are the same as those in Fig. 2: dark~blue! points denote

FIG. 15. The positron signal-to-background ratioS/B at Eopt in
the MSUGRA scenario.~a! tanb545. ~b! tanb510.

FIG. 16. The positron signal-to-background ratioS/B at Eopt in
the MSUGRA scenario.~a! The nonthermal scenario.~b! The ther-
mal freeze-out scenario. (tanb545).
6-11
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parameter sets that would lead toVx
thh2<0.03 in the thermal

scenario.
In the figure, the advantage of the nonthermal scenario

really distinctive. The preferred region for AD baryogenesis
(Vx

thh2<0.03) provides quite a largeS/B ratio, especially at
the regionmx&mtop, where evenS/B;10% is possible. On
the other hand, the thermal freeze-out scenario predicts
very smallS/B ratio ,1%, particularly at the coannihilation
region. The expected sensitivity of future space-based e
periments, such as AMS-02@53#, is roughly ;1%. There-
fore, although the estimation of the positron flux is suffers
from various uncertainties, such as ‘‘clumpiness’’ of the loca
neutralino density, we can expect a good possibility to find
kind of ‘‘smoking-gun’’ signal of nonthermal dark matter in
the near future. In Fig. 17, we show the corresponding ca
culations for tanb510.

2. Hard positron flux in the MAMSB model

Now, let us discuss the expected positron flux in the
MAMSB scenario. In this model,W-ino-like LSP is realized
in most of the parameter space, which has a larger annihil
tion cross section into gauge bosons than Higgsino-like LS
by roughly one order of magnitude. This fact allows us to
have much more distinctive signals than those in th
MSUGRA model, if the nonthermal DM genesis had taken
place in the early Universe. In Fig. 18, we show a contou
plot of the positron signal-to-background ratioS/B at Eopt
with fixed local neutralino density asrx50.3 GeV/cm3. In
most of the allowed parameter region,S/B;1 is expected.

FIG. 17. The positron signal-to-background ratioS/B at Eopt in
the MSUGRA scenario.~a! The nonthermal scenario.~b! The ther-
mal freeze-out scenario (tanb510).

FIG. 18. The positron signal-to-background ratioS/B at Eopt in
the MAMSB scenario.~a! tanb530. ~b! tanb510.
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In Fig. 19, we present the signal-to-background ratioS/B
in the nonthermal~a! and the thermal freeze-out scenarios~b!
for tanb530. The shading~coloring! conventions are the
same as those in Fig. 6, which denote the Higgsino frac
in the LSP. As in the case of the MSUGRA model, we ha
set j51 in the nonthermal scenario and rescaled theS/B
ratio by multiplying byj25(Vx

thh2/VDMh2)2 in the thermal
freeze-out scenario. As one can see, if the AD baryo/D
genesis had really taken place in the early Universe, we
have really distinctive signals in the near future. On the ot
hand, in the thermal scenario, we cannot expect any obs
able signal because of smallness of the relicW-ino density.
Because we can survey only a limited parameter space in
MAMSB model by direct detection and an indirect dar
matter search observing energetic neutrinos, observatio
the hard positron flux will play a crucial role in revealing th
nature of dark matter in this model. In Fig. 20, we presen
corresponding figure for tanb510.

V. CONCLUSIONS AND DISCUSSION

In this paper, we have discussed the implications of
Affleck-Dine baryo/DM-genesis scenario in several ways
dark-matter searches. We have investigated two promis
ways of indirect detection: one is observation of the mu
flux induced by energetic neutrinos from the center of
Sun and the other is to observe the hard positron flux fr
the halo. We have also updated a previous analysis of di
detection by implementing the recent WMAP result to co

FIG. 19. The positron signal-to-background ratioS/B at Eopt in
the MAMSB scenario.~a! The nonthermal scenario.~b! The thermal
freeze-out scenario (tanb530).

FIG. 20. The positron signal-to-background ratioS/B at Eopt in
the MAMSB scenario.~a! The nonthermal scenario.~b! The thermal
freeze-out scenario (tanb510).
6-12



a

io
.
h
,
th
a
rv
ia

re

,

e
ve
d
w

io

or
rim

th

fir
nt
o
l-

of

ed
h

ra

p
o
na
bl

a
c
e
m

M
me
s.

a in
to

SM

a

it is
me

and
ary
en-
flat

c-
su-
te
lead
ke

yon

t-

er
te
ard
re-

ci-

to-
the
tion

ed

NEUTRALINO DARK MATTER FROM MINIMA L . . . PHYSICAL REVIEW D 69, 035006 ~2004!
strain the allowed parameter space, which allowed us to h
more definitive predictions of the nonthermal scenario.

We have adopted the MSUGRA and MAMSB scenar
to demonstrate the predictions of the nonthermal scenario
the MSUGRA model, Affleck-Dine baryogenesis prefers t
‘‘focus point’’ region to avoid overclosing the Universe
where the LSP contains a non-negligible component of
Higgsino. A large Higgsino fraction in the LSP increases
of the above-mentioned detection rates, and we can su
the whole parameter space in future experiments. Espec
for relatively light neutralinosmx&mt , we have an intrigu-
ing possibility to discover dark-matter signals in near futu
experiments, such as CDMS~Soudan! @42#, EDELWEISS II
@41#, and ANTARES@49#. In the case of the MAMSB model
the thermal relic density is very small,Vx

thh2;1023, in the
entire parameter space, which makes the AD baryogen
consistent in the entire region. Unfortunately, we can sur
only a limited parameter space by direct detection and in
rect detection observing neutrino flux from the Sun. Ho
ever, the quite large annihilation cross section intoW bosons
promises distinctive signals of the hard positron flux~and
also of the monoenergetic photon from the direct annihilat
channel:xx→gg/Z) in future experiments@54#. Although
we have adopted the MSUGRA and MAMSB models f
demonstration, since the discussed detection rates are p
rily determined by the Higgsino orW-ino fraction in the LSP,
we hope that the main predictions are not changed in o
SUSY-breaking models.

Very encouragingly, though we have to wait father con
mation, there already exist some interesting experime
signals which can be naturally explained by Higgsino-
W-ino-like nonthermal dark matter. The recent HEAT ba
loon experiment@55# has reported a significant excess
positrons in cosmic rays. The authors of Refs.@56,57# have
argued that a Higgsino orW-ino LSP with massmW,mx

&200 GeV could yield a consistent positron flux provid
the relic abundance is from a nonthermal source. T
EGRET @58# telescope has also identified a gamma-
source at the galactic center. The authors of Ref.@59# have
argued that the spectrum features of this source are com
ible with the gamma-ray flux induced by pair annihilations
dark-matter neutralinos. They have shown that discrimi
tion between this interesting interpretation and other via
explanations will be possible with GLAST@60#, the next
major gamma-ray telescope in space.

Finally, let us comment on the generality of nontherm
dark matter. In the present work, we have assumed Affle
Dine baryogenesis as the origin of the nonthermal sourc
the LSP. However, we think that the existence of nonther
A
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dark matter is a much more generic prediction of the MSS
or any kind of SUSY standard models. Once we assu
MSSM-like models, we inevitably have many flat direction
Because we believe in the existence of an inflationary er
the very beginning of the Universe, we have good reason
expect that there are couplings between the inflaton and
fields in the Kähler potential of the form

dK5
b

M
*
2

I †IF†F,

whereI is the inflaton superfield andF denotes any kind of
SM field. In order to ensure that all flat directions have
positive-Hubble-order mass term, we have to assumeb,1
for arbitrary combinations ofF along flat directions.22

This seems a rather strong assumption. We think that
much more natural, or at least comparably natural, that so
flat direction has a negative Hubble-order mass term
develops a large expectation value during the inflation
stage. This generally leads to the same nonthermal DM g
esis as discussed in this paper. There is no need for the
direction to carry nonzero baryon number. If the flat dire
tion is lifted by some nonrenormalizable operator in the
perpotential, the flat-direction field is likely not to domina
the energy density of the Universe, and hence it does not
to additional entropy production. In this case, we can ma
use of leptogenesis to produce the observed bar
asymmetry.23 Note that the decay temperature ofQ balls is
mainly determined by the initial amplitude of the fla
direction field, and hence,Td&O(1) GeV is a quite generic
prediction.24 These observations lead us to consid
Higgsino- orW-ino-like nonthermal dark matter as a qui
natural consequence of the MSSM or other SUSY stand
models. We hope that this work will encourage serious
search on nonthermal dark matter.
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22b*110.3 is enough to driveF away from the origin.
23As we have mentioned in the Introduction, since thermal lep
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24A detailed discussion of each flat direction will be publish
elsewhere.
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