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The minimal supersymmetric standard model has a truly supersymmetric way of explaining both the baryon
asymmetry and cold dark matter in the present Universe: thatAffleck-Dine baryo/DM genesisThe
associated late-time decay Qfballs 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 Ham#juychiRev.

D 66, 083501(2002] by implementing the recent results from the WMAP satellite.

DOI: 10.1103/PhysRevD.69.035006 PACS nuni§er95.35:+d, 12.60.Jv, 98.80.Cq

I. INTRODUCTION the scenario might be indirectly tested by discoverie€Bf
violation in the neutrino sector, the neutrinoless double-beta

The origin of both the baryon asymmetry and dark matter

in the present Universe is one of the most fundamentaqo’;gﬁ%egécay’ and lepton-flavor violations in future

uzzles in particle physics and cosmology. The recent dat8*
P b by 9y On the other hand, once we introduce SUSY to the stan-

from the Wilkinson Microwave Anisotropy Prob&@/MAP
By bt ) dard model, the thermal leptogenesis is not the only minimal

satellite [1] provides a cosmological abundance of these ) h
quantities with surprising accuracy: scenario to generate the observed baryon asymmetry. Affleck

and Dine proposed another minimal scenario of baryogenesis
) ) 0.0161 by utilizing a flat direction existing in the MSSM, which
Qgh?=0.0224+0.0009, Qpyh?=0.1126 goa1. (1) carries nonzero baryon number: that is, what we call,
Affleck-Dine (AD) baryogenesif9,10]. The AD field, which
The important things that remain to be done are constructings a linear combination of squark and/or slepton fields along
a realistic model that explains both quantities simultaneousljlat directions of the MSSM, can naturally acquire a large
and investigate its implications in low-energy experiments. expectation value during inflation because of the flatness of
The minimal supersymmetric standard mo@diISSM) is  the potential. After the end of inflation, the AD field starts a
the most motivated framework for constructing such acoherent oscillation around the origin, which can produce the
model. The MSSM inevitably contains the lightest supersym+equired baryon asymmetry very efficiently.
metry (SUSY) particle (LSP), which is absolutely stable un- In recent developments, however, it became clear that this
der R-parity conservation and its thermal relic density canis not the whole story. The coherent oscillation of the AD
fall in the observed quantity in some specific parametefield is not stable under spatial perturbations and fragments
space. Many works have been carried out to scrutinize thigto a nontopological soliton, called@ ball [11], after doz-
point by assuming various boundary conditions for SUSYens of oscillation$12,13. The large expectation value of the
breaking parameters with a gradually increasing accuracy iAD field inside theQ ball protects it from being thermalized,
the calculation of the relic abundani®4]. In this point, we and the decay temperature of tReball is expected to be
have nothing to add to those works. However, there is amvell below the freeze-out temperature of the LSP. This fact
implicit but very important assumption here. has a very important implication for neutralino dark matter.
In order for those researches to have something to do witRarticularly, theB-ino-like LSP, which otherwise explains
real nature, generation of the observed baryon asymmetihe required mass density of dark matter in the standard sce-
must be completed well before the freeze-out time of thenario at least in some specific parameter space, inevitably
LSP. The most natural answer for this is provided by leptodeads to an overclosure of the Universe. This is a generic
genesig 2], which supplies the required baryon asymmetryproblem in Affleck-Dine baryogenesjd4].
by nonequilibrium decays of thermall$] (or nonthermally One natural answer for this problem proposed by
[6]) produced right-handed Majorana neutrinos. In this case-damaguchi and one of the auth@h.F.) is to adopt the LSP

'Recently, the cosmological gravitino problem has been reanalyzed in detail including hadronic-energy release around the big bang
nucleosynthesiéBBN) [7]. If we take their results seriously, we cannot make the standard thermal dark matter scenario consistent with the
thermal leptogenesis. A detailed discussion of this point is now available in our recen{@hpenere we found that we need the slepton
NLSP and the gravitino LSP to avoid the gravitino problem. Because these facts were found after the first submission of our paper, we take
a very conservative point of view concerning the thermal leptogenesis in this work. As for the AD baryo/DM genesis, we are free from the
gravitino problem. This recent development made our main concern much clearer: that it is very important to consider the baryogenesis and
dark matter problems at the same time.
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with a larger annihilation cross section, such as a Higgsino or AD baryogenesis utilizes the AD field, which is a linear
W-ino [15]. This choice of LSP allows us to explain both the combination of squarks and/or slepton fields along flat direc-
required baryon asymmetry and dark matter mass densitiyons in the MSSM. Each flat direction is labeled by a mo-

simultaneously by a single mechanism. In fact, it waspomial of chiral superfields, such ddDD, QDL, and
pointed out that some class of AD baryogenesis directly congQQL A complete list of the flat directions in the MSSM is
nects the ratio of baryon to neutralino mass den§ly/(},,  available in Ref[23]. During inflation, the field$ can get a

in terms of low-energy parameters, irrespective of inflationjarge negative mass term of the order of the Hubble param-
models and other details in the history of the Univells8.  eter, —c,;H2| $|2, wherecy, is O(1) and positive[24]. This

Furthermore, the late-time decay Qf balls opens up new gccurs if the inflaton has a four-point coupling with tie
cosmologically relevant parameter regions, where the starjie|d in the Kiler potential as

dard scenario gives only a very small fraction of the required

mass density—for instanceQ'h?~10"2-10"% or even b
smaller. K=—1T1¢"4, 2
In a previous pap€erl7], K.H. and M.F. investigated im- M3

plications of the Higgsino- antiV-ino-like nonthermal dark
matter in direct and indirect detection by assuming theWith b=1. Here,l denotes the inflaton superfield, aiti,
gravity-mediated (MSUGRA) and the anomaly-mediated =2.4X 10" GeV is the reduced Planck scale. Actually, such
(MAMSB) SUSY-breaking modelg18]. As for indirect de- four-point couplings with the SM fields serve as dominant
tection, we considered the monoenergetic photons caused lgcay modes of inflatons in many inflationary models.
direct annihilation of the neutralinog,y— vy [19]. In this case, theb field is driven far away from the origin

In this paper, we investigate the prospects of detectioﬁiuring inflation by this negative mass term. We assume this
possibility in another promising method of an indirect dark-iS the case in the following discussidmfter the end of
maitter search Observing high_energy neutrino flux from thénﬂation, thed) field starts a coherent oscillation around the
center of the Sun. We also add a calculation of the expecte@rigin when its massn,, exceeds the Hubble parameter. This
high-energy positron flux, which may also serve as &S the stage where the net baryon asymmetry is generated.
“smoking-gun” signal of nonthermal dark matter in the near  The relevant baryon-number-violating operators come
future. Furthermore, we update the analysis of the direct deffom the superpotential or from the Keer potential. In the
tection rates in the previous work, since the conditionscase of the superpotential, the operator generally has the
adopted for the nonthermal dark matter seem to be too corform
servative after the report from the WMAP satellite. We
implement the result to constrain the allowed parameter N
space in the presence of the late-tiQeball decays, which W= nM”*3¢ ' ©)
allows us to have much more definite predictions of the

present scenario. For that purpose, we calculate the thermwi,[h n=4. Here. we treal as the effective scale where the

relic density of the LSP by using th& CROMEGAS computer :
code[20], which includes all the possible coannihilation ef- operator appeafsSome examples of these terms are given
SWxQQQLUUDE for n=4, and 6W

fects. As a bonus, we can also clarify the differences in thdY X <X - .
dark-matter detection rates between the nonthermal and stai{UDD)? UDDQDL for n=6. Through SUSY-breaking
dard thermal scenarios by appropriately scaling the detectiogffects, these operators induce the scalar potential that gen-

rates by a factor&QThz/QDMhz). erates the baryon asymmetry:
As we will see, these new indirect methods provide addi-
tional promising ways to find signals of the nonthermal dark CapMap
matter in our Universe. If indeed the existence of Higgsino- oV= nMn—3 ¢"+H.c, (4)

or W-ino-like dark matter is confirmed in future experiments,
it strongly suggests that the whole matter in the present Un
verse has a truly supersymmetric origin Affleck-Dine
baryo/DM genesis?

I\'/vheream is a coupling constant, ands,, denotes the grav-
itino mass> The generation of baryon asymmetry can easily
be seen from the equation of motion of the baryon-number
density:

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

In the next MO sections, we rQVIeW the nontherma'l dark- 3Quantum fluctuations during inflation may serve as a driving
matter generation from the late-time decayQballs, which ¢, cq of thed field in the special case, whefe,|<1.
generally appears in AD baryogenesis. Readers who are in“\qte thatM can exceedM, because we include possible sup-
terested in much details, see RE(7]. pression effects coming from coupling constants.
Here, we have assumed for simplicity that there isAn@rm of
the order of the Hubble parameter, which is true when the three-
2In this paper, we do not discuss AD leptogenesis. In this case, thpoint couplingdK I ¢'¢ is absent in the Kialer potential. Even if
following arguments on neutralino dark matter cannot be appliedsuch anA term exists, the conclusions in the following do not
See the discussion in Ref®1,22. change much.
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) aoVv rect amount of baryon asymmetry is abdig~ 10 GeV.
ng+3Hng=281m ab P (5 For an explicit expression in each case, see R&f.
In the case of the Kaer potential, the most relevant op-
which can be rewritten in the integration form erators are given bj9]
t sV N _
[R3nB](t)=2ﬁf dtR3Im T3 ) (6) 5K=WQUTDTL,QQUTE, (7

*

where we defingg as the baryon charge of the AD field such \here|\| = (1) is a coupling constafitThese operators do
that ng=iB(¢'¢p— ¢'¢) and R as the scale factor of the not lift the AD field and other higher-order terms in the
Universe. Kahler potential, or theJg_, D term determines the initial
The nonrenormalizable operator given in E8). also lifts  amplitude of the AD field14].” The potential that is respon-
the flat direction, and the AD field evolves slowly | sible for the generation of baryon asymmetry has the form
=(HM"~3)¥"=2 yntil it starts oscillations around the origin. , ,
This is the balance point between theéerm of W and the M3z H
negative Hubble mass termcyH?| ¢|2. During this stage, oV= am4M2 ¢"+ay M2 ¢*|+H.c, ®)
the baryon asymmetry is generated through Eg). This * *
baryon-number generation is terminated as soon as the Aldhere a,,, and a are coupling constants. The generation
field starts coherent oscillations, because the baryon-numbemechanism of the baryon asymmetry is the same as the
violating operators given in Eq4) dampen very quickly former example. Note that the resultant baryon asymmetry is
after the start of oscillation. The amplitude of the AD field at completely independent dfg, since the AD field dominates
this time is very important information for the following dis- the energy density of the Universe when it decykhis
cussion, since it determines the typical size of produQed interesting feature allows us to directly calculdig/Q,
balls, which in turn determines the typid@tball decay tem-  with low-energy parameters, which is, in particular, indepen-
peratureT4. In the scenario we are now considering, thedent of the initial amplitude of the AD field anbk [16].° To
initial oscillation amplitude of the AD field is given by obtain the correct abundance of baryon asymmetry in this
| p|os=(MyM"~3)MM=2 Here, the scale oM is naturally — model, we needlp|,s~ 10'° GeV and hence the(1)s_, D
expected to be=M . In the case oh=4, however, itis not term is perfectly suitable for this purpose.
the case. This is because these operators are responsible forAfter dozens of oscillations, the AD fields fragment into
the proton decay25], and at least for the most relevant Q balls, which absorb almost all of the produced baryon
operatorsMl =10?° GeV should be satisfied in order to avoid asymmetry. Here we quote the expected size ofQHealls,
a too rapid decaj26]. In both then=4 andn=6 cases, the Q, produced in each ca$&7]. If we use the superpotential to
required reheating temperature of inflation to explain the corgenerate baryon asymmetry, it is written as

3X 10%°X BSeslan| 1Tev) M f 4
a or n=4,
el my, /| 107 Gev
Q~ 3 32 (10
3X 107X B8l an| 1 Tevj(1Te M for n=6
B efflAm m¢ m(/) M* - Y%

wheredg= O(0.1) is an effectiveCP-violating phase. In the

case of the Khler potential, 8In order for these operators to be dominant, we generally have to

assume suppressions of nonrenormalizable operators in the super-
potential, which can be done, for instance, by impodtgymme-

|d’|osc (1 TeV\? try.
Q~1026( —) ( ) . (1) "In this case, the AD field is stopped at tBe-L breaking scale.
M. Mg 8The condition for this statement to hold is discussed in Ri]
with thermal effects taken into account.
These expressions were first derived analyticgll§], which *The relation is given as follows:
has been found to be fairly consistent with recent detailed )
lattice simulationg27]. %:103—4< My )(ﬂ) . 9
Although they can also be used in anomaly-mediation Q (av);l my/

models, there appears one complication in this case. Becauser the derivation, see Reff16].
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of the large gravitino mass, there appears a gl¢baloca) n,+3Hn, =—(ov) n? (17)

minimum displaced from the origin along the flat direction X X XX

[see Eqgs(4) and (8)]. If the AD field is trapped by this wherer,=QIT, denotes the lifetime of th@ ball. Here we

minimum, it leads to a color-breaking universe. In order tOhave assumed tha‘[‘d is well below the freeze-out tempera-

avoid this disaster, we have to restrict the initial amplitude oftyre of the LSP. Introducing the yieM,=n /s, wheresis

the AD field as the entropy density of the Universe, the above equation can
be written as

mé 1(n-2)
-3
|¢|inis(m_:«,‘len ) 123 dy, 8m°g, T dg, 2
— = 1+ ——=|(ov),M, Y. (18
dT 45 |11 g, ar ) (unMLYy

in the case of the superpotentja¥] and
Here, T denotes the cosmic temperature. Because the LSPs
my, become highly nonrelativistic soon after they are produced
| Blini=M, My, (13 by the Q-ball decays, we can expect that tiiedependent
component of the annihilation cross section is likely to be
in the case of the Kaer potentia[17]. These conditions can subdominant. This is particularly true when the LSP has a
be easily satisfied if we make use of ti¢1)g_, D termto  non-negligible component of the Higgsino and¥fino. In
stop the AD field. this case we can writ¢ov),~=const, and in conjunction
Now, let us estimate the decay temperature §fball. It ~ with an additional approximatiomy, (T)=g, (T4)=const,
is known that the decay rate of@ball can be written a28]  we can solve Eq(18) analytically[15]:

1 /8729, (Ta) o
V.ot 15 \crv>XM*(Td—T)} :

(19

o dQ< w3 A
@ dt T 19242

(14) Y (T)=

—~ — 2 .
wherew=m,, A=47R; is the surface area of th@ ball, We can see that, if the initial abundan¥g(T) is large

and Ry=2/(m[[K]) is its radius. HereK denotes the enough, the final abundandg, for T<T is expressed in-
one-loop correction of the mass term of the AD field: dependently of,(T,) as

¢ 45  (ov),*t
V()= m?| 1+ K Iog( — 1, (15 Y e Yy APProX. X 20
' MG O Vg, g MTa 2

whereMg is the renormalization scale at which, is de-  In terms of the density parameter, this is rewritter 5 17]
fined. Note that the negativeness Kfis the necessary and

sufficient condition for theQ-ball formation. From Eq(14), O h2=0 10 \Y¥ m, 300 Me
we can calculate the decay temperature of@hleall as fol- X 0, (Ty) 100 Ge Tq
lows:
1077 GeV ? 2
0.03 1/2 m 1/2 1020 1/2 —
= 9 B (UU>X
ryz cewe| 29 .M 7 g

This result clearly shows that we need a fairly large annihi-

We can see that the expected decay temperatu@ebafils s~ lation cross sectiofov), ~ 10~ =) Gev 2 in order to
about T4~O(1) GeV if we use the superpotential and €xplain the required mass density of dark matter with a typi-
O(10) MeV=Ty=0(1) GeV for 107 GeV=| ¢ ose cal range ofT. Interestingly, the typical annihilation cross
=10 GeV in the case of the Kder potential. There is no Section of a Higgsino and\-ino has also this size. This

big difference also in anomaly-mediated SUSY-breakingPP€ns up a new possibility to explain both baryon asymmetry
models. and dark matter at the same time with a single mechanism.

On the other hand, if the first term in E{.9) dominates,
the final abundance of the LSP is given by

I1l. DM GENESIS
Finally, we explain the subsequent consequences of the Yo o=Y (T )%<E Ng 22
late-time decay ofQ balls. Although the full Boltzmann X0 Txt Td s/ \ne/’

equations to calculate the LSP relic density during the decay

of Q balls are rather complicated, especially in the case oivhere (i5/s),=10 0 is the current value of the baryon
the Q-ball-dominated universe, the final abundance of LSPeisymmetry andr{,/ng) is fixed when the AD field starts
can be approximately expressed by a simple analytical fornsoherent oscillations and remains the same until it finally

[15,17. decays. Such a situation appears when the LSP is nearly pure
Note that, in any case, the Boltzmann equations for thé-ino. One can easily understand this relation by noting that
neutralino LSP are reduced to the single form fet 7: each decay of the field produces nearly one LSP. In this
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case, the late-time decay &f balls causes a big difficulty. 1000
From Eq.(22), we can see that it results in too large a mass AL A
density of the LSP: 800 =
. =
8 600
ng\/m =
¢ X =
.-l e 2 i
200 |
Note that, because oR-parity conservation, the relation 7
0 1000 2000 3000 4000 100 150 200 250 300 350 400
(n4/ng)=3 always hold. In order not to overproduce LSPs mo /GeV m, /Gev
in the presence of the late-time decay@balls, we need an
extremely lightB-ino: FIG. 1. (a) The contours oﬂﬁ‘h2 ando, _, [pb]. (b) The decay
temperature ofQ balls which leads to the desired mass density of
) dark matter (taB=45).
m <17 X 24
X Ge\/( 50 )’ @49 A. Direct detection

If the neutralino LSP is a dominant component of halo
which is clearly unrealistic. dark matter, we may observe a small energy deposit within a
detector due to LSP-nucleus scattering. This observation may
provide the most promising way to confirm the existence of
neutralino dark matter. The interactions of neutralinos with
matter are usually dominated by scalar couplings for rela-

As we have seen in the previous section, the late-timéively heavy nucleiA=20 [29,30. These interactions are
decay ofQ balls requires a quite large annihilation crossmediated by lighth and heavyH exchanges or sfermioh
section of the LSP to provide the required mass density oéxchanges. The former diagrams contajiny andH y x cou-
dark matter. In the rest of the paper, we consider the lowplings, which are suppressed f&ino-like LSPs. On the
energy consequences of this result in several dark-mattesther hand, if the LSP has a significant component of the
searches by adopting the MSUGRA and MAMSB models.Higgsino, these couplings are strongly enhanced. In the case
First, we investigate the detection possibility of nonthermalof W-ino-like dark matter, they are also enhanced by a factor
dark matter in direct detection and then calculate the indirecdf g,/(g,tan6y). These facts give us a much more promis-
detection rate observing the high-energy neutrino flux froming possibility to find signals of nonthermal LSP dark matter
the center of the Sun. We also add the estimation of the harith the near-future experimeni$7]. In this section, we inves-
positron flux, which is produced by the direct decays oftigate y-proton scalar cross sectipf1,3q in the MSUGRA
gauge bosons produced by pair annihilations of the LSPs. and MAMSB models, for both the nonthermal and standard

We have already had an estimation of the direct detectiothermal freeze-out scenarios.
rate of nonthermal dark matter in the previous wik].

However, this time, we further restrict the allowed parameterl. Parameter space and direct detection in the MSUGRA model

space by implementing the recent WMAP redalf, which First, let us discuss the allowed parameter space and cor-

gives us more definitive predictions of AD baryogenesis.responding decay temperature @fballs to explain the re-

Furthermore, we compare various detection rates of ”Ontheﬁuired dark-matter density. In the framework of MSUGRA
mal dark matter with those in the standard thermal scenariqhere are four continuous free parameters and one binéry

The required annihilation cross section of the LSP in AD hoice:

baryogenesis would lead to only a very small fraction of the

required dark-mqtter density in the S'Fandard scenario. Be- Mg, My,Aq,tanB,sgn ), (25)
cause the detection rates are proportional to the local neu-

tralino density in the first two detection methods, we canwheremy, My, andA, are the universal soft scalar mass,
obtain the corresponding detection rates in the standard scgaugino mass, and trilinear scalar coupling given at the
nario by rescaling them by a factor Qﬂi?hZ/QDMhZ), In  grand unified theory(GUT) scale Mg=2Xx10'® GeV, re-

the case of the positron flux, this rescaling can be done bgpectively. All couplings and mass parameters at the weak
multiplying by a factor of Qﬁ?hz/ﬂomhz)z- These proce- Scale are obtained through renormalization gréRfs) evo-
dures clarify the differences of the detection rates betweehition. We have used theorTsusy 1.7 code[32] for this

the nonthermal and standard scenarios at the same SUSRUrpose. The code includes two-loop RG equations, one-loop
breaking parameterd. self-energies for all particles, and one-loop threshold correc-

tions from SUSY particles to the gauge and Yukawa coupling
constants following the method of R¢B3].
19e have independently constructed all required computer pro- N Fig. 1(a), we show contours of the relic neutralino den-
grams for the above-mentioned detection methods. We found quitgity in the standard thermal freeze-out scenaﬂ@hz, for
good agreements to the results in other papers based on tfhanS=45 in the (ny, My,,) plane. The figure also contains
DARKSUSY computer code. the contours of they-proton scalar cross section

IV. LOW-ENERGY CONSEQUENCES IN DIRECT
AND INDIRECT DETECTIONS

X—p
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which will be explained later in this section. We have used (@) (O

the MICROMEGAS code[20] to compute the relic density here. )

The three thick lines are contoursﬁﬂ‘hz, corresponding to \

Qh?=0.1, 0.3, and 1.0 from the bottom up, respectively. § _, Firt iy BBaL
Here, we have takeA,=0 and the sign of to be posi- ¢, 5\// 1 Ll

tive which is desirable to avoid a large deviation of the ) .
| ZEPLIN

2> (pb)]
|

logyo[§ Oxp™
| |

branching ratio of théd— sy from observations. We conser- - .

vatively adopted the following constraint on the—sy ol ||| o ;

branching ratio: 20 20010 T ey SR
2X 10 4<B(B—Xgy)<4X10 (26) FIG. 2. The effective cross section of the protprscalar inter-

action in the MSUGRA scenarida) The nonthermal scenarigh)
The dark shaded region denotes where the above constraiflte standard thermal freeze-out scenario (3a¥5).
is violated!! The region below the black solid line is ex-
cluded by the chargino mass limit, +=104 GeV[35]. The tion is satisfied in almost the entire parameter space, where
mass of the lightest Higgs boson is smaller than 114 GeV iwe have confirmedm= O(10) GeV.
the light shaded region, which is excluded by the CERN Now, let us turn our attention to direct detection of non-
e*e” collider LEP 11 [36]. The black shaded regions are thermal dark matter. As one can see from Figa)1the
excluded because electroweak symmetry breaking does ngtproton cross section, _, becomes larger as, increases
take place or the lightest stau becomes the LSP. because of the increase of the Higgsino component in the
As we can see from Fig.(a), Qi‘h2 are too large to be LSP. Since the increase of the Higgsino fraction reduces the
consistent with the WMAP resulpyh?=0.1126 59151in  relic density, we can expect a larger direct detection rate in
most of the parameter space. However, as the parameter s#¢ nonthermal scenario. In Fig. 2, we show the effective
approach the “focus point[37] region (my=TeV), the pair  x-proton cross section in them(, ¢o,_,) plane in the
annihilation of neutralinos becomes more efficient becaus®SUGRA scenario with tag=45. Figure 2a) shows the
of the increase of the Higgsino component in the LSP, angross section in the nonthermal scenarée=(L), and Fig.
then, there appears a very thin parameter region that give¥b) shows it in the standard thermal scenario. In Figp)?2
the correct abundance of the L$B8].12 As we further in-  the cross section is rescaled by multiplying by a facto€ of
creasem,, Q"h? continues to decline, and the late-time de- = (QTh%Qpyh?) where Qh? is smaller thanQpyh?,
cay ofQ balls comes to be allowed to play an important role.since the detection rate is proportional to the local neutralino
In Fig. 1(b), we show the decay temperature@bualls in  density*®
the (m,, Ty) plane, which leads to the desired mass density The dark shadedblue) points in the both figures corre-
of dark mattefsee Eq(21)]. The light shadedgreen points  spond to the MSUGRA parameters wiﬂb:‘hzso.OS, the
denote the requiredy's for 0.03s0§‘h2<0.1 and the dark light shadedgreen points to those with 0.0@Qi‘hzso.l,
shaded(blue) points forQE?h2<O.03. This result suggests and the medium shadegburple points to those with 0.1
that the desirable parameter sets for the present scenar@Q?hzso.S. We also plot the parameter sets which are
would give Q"h?<0.03 in the thermal freeze-out scenario, consistent with the WMAP  experiment Q(Yth
since Ty<=O(1) GeV is expected in the typical models of =0.1126 391¢) in the standard thermal scenario as black
AD baryogenesigSec. I). We can also see that the antici- « o points,1* which are also plotted in Fig.(d) just for
pated Q-ball decay temperature prefers the existence of &onvenience for comparison. The four lines denote the sen
relatively light neutralinom, =300 GeV. sitivities of several direct detection experiments: ZEPLIN
In the above calculation of the decay temperature, weyax [39], GENIUS[40], EDELWEISS I1[41], and CDMS
have included only the-wave contribution in the annihila- (Soudan [42] from the bottom up, respectively. In Figs. 3
tion cross section of the neutralinos for the reasons explaineghd 4, we also show the corresponding figures forgan

effects with the lightest charginos. This procedure can begme as in Figs. 1 and 2.

justified as long as the decay temperature of gheall is In the above calculations, we have adopted the following
smaller than their mass differenden. Actually, this condi-  yajues of the proton matrix elements for each of the three
light quarks:
HEven if we adopt the recent PDG average of CLEO and Belle fr =0.019, f;.=0.041, f; =0.14 (27)
u : ! d ' ! S ' !

measurementsB(B— Xyy) =(3.3+0.4)x 10 * [34], the allowed
parameter space in the focus point region is not affected at all. On
the other hand, the parameter space in the coannihilation region is
severely constrained in the case of largean 13\NhenQXh2 in the thermal scenario is smaller than g, h?,
2At the left border of the figureQ™h? can give the required the total dark matter should consist of several populations in addi-
abundance of dark matter. This is the so-called coannihilation retion to the neutralino.
gion where tha-ino-like LSP is almost degenerate with the lightest 1#The absence oM points in the coannihilation region is because
stau. of the small number of samplings in our calculations.
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FIG. 3. (a) The contours oﬂi‘hz ande, , [pb]. (b) The decay A FIG. 4. The effectl_ve crois sectlﬁn of tlhe prot@_mter?]ctlon in
temperature of balls which leads to the desired mass density oft® MSUGRA scenarioa) The nonthermal scenarith) The stan-
dark matter (tayg= 10). dard thermal freeze-out scenario (g 10).

higher-order quantum corrections. Their ratios at the weak

wherequE(p|mqqq|p)/mp. For details about the calcula- scale are approximately given by

tion of the protony cross section, see Ref81,30.

From Figs. 2 and 4, we can see a clear difference between
the thermal and nonthermal scenarios. First of all, the detec-
:Ir?; ;a;;?]s(j:;éhicr;?]r:rrilg’rnézlnsotizgarlwo eggié?geé;hsgvtrﬁe I:El]nd theW-ino-like _LSP is realize_d in aImo;t the entire pa-
times, and most of the parameter space can be thorough[ meter space. This fact has an important impact on the cos-
surveyed by next generation detectbtsSecond, since the ology in the MAMSB model. . .
preferred parameter sets for AD baryogenesis predict quit In.F|g.. 5@, we show the contours of the relic neutralino
small relic densities in the thermal freeze-out scenario, th ensity in the the'rmal freeze-out scenario and;tmr oton
detection rates for the corresponding points in the standarﬁCalar Cross sectlon. for the_ case of fn30 in the {n,
scenario become much smaller than in the nonthermal sc&l3! plane. The horizontal lines correspond to the contours

; ; srythp2 1032 1430 2.8
nario. This may play a crucial role in revealing the true ther-Of the relic density, with2 'h _,10 , 107°% and 10,
mal history of our Universe in the future. from the bottom up, respectively. Here, we have taken

sgn(u) as negative to avoid too large a contribution to the
2. Parameter space and direct detection in the MAMSB model Pranching ratio ob—sy. The dashed lines are contours of

. . ) . the x-proton scalar cross sectian, |, whose value is ex-
Anomaly-mediated SUSY breakifd 8] is another inter-

i - X licitly denoted in the figure. The light shaded region is ex-
esting way to mediate SUSY-breaking effects to the MSSM;),,ded by the chargino mass linfi¢4]. The lightest Higgs

sector without conflicting with the well-known flavor- 1,501 s lighter than 114 GeV in the dark shaded region. The
changing neutral currentFCNC) problem. In the pure pack shaded region denotes the region where the elec-

AMSB model, all soft SUSY-breaking parameters are fully rqweak symmetry breaking cannot be implemented or the
determined b&/ﬁ functllons 31‘ gauge andeukawaf_C(I)dupllng_"ghtest stau or sneutrino becomes the LSP.
constants and anomalous dimensions of matter fields. Quite ; thy 2 ;

Q As we can see from Fig.(8), QXh is much smaller than

unfortynately, however, the pure A.MSB model predlctst e required abundance of LSPs because of the large annihi-
negative slepton masses and hence is not capable of descr| tion cross section of th&-ino-like LSP in most of the
ing the real world. arameter space. Therefore, anyway, we need some non-

_Although many possible so_lutions have_bee_n proposed t tandard thermal history to explain the required mass density
this problem, we adopt the simplest solution in the present yar matter in this model if we insist on the LSP as a

paper. We just assume the additional universal scalgr ma imary component of cold dark matter. The most natural
my at the GUT scale and then evolve the RG equations t
obtain the low-energy spectrum. In this minimal framework
(MAMSB), the entire parameter space is specified by the
following four parameters:

M1:M,:M3~2.8:1:—8.3, (29

100

80

>
Mg/, Mg, tanB,sgru). (28) g . E 0.2
. . . é = 0.1 Lh s
In this model, the gaugino masses are not modified and al- ,, MG
most the same as those in the pure AMSB model excep 0.05
0 0 1000 2000 éOOO 4000 5000 6000 100 150 200 250 300
my /GeV m, /GeV

¥In Fig. 2, there are some points which lie fairly below the
points, where the LSP is nearly pure Higgsino. At these points, we FIG. 5. (a) The contours oﬂi‘h2 ando,_, [pb]. (b) The decay
need to include higher-order corrections to the neutralino—Higgstemperature of) balls which leads to the desired mass density of
boson coupling constant to obtain accurate detection f4fds dark matter (ta8=30).
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answer to this problem is given by Affleck—Dine baryogen-  -s -6

esis. If we use this mechanism to explain the observed '3 g

baryon asymmetry, the associated late-tiQ@all decays 3 . : 5 = = ]
with typical decay temperatufBy<=O(1) GeV can naturally T o i
generate the required abundance of LSPs at the same tir ! ~° &0 s

[15,17. In fact, almost the entire parameter space of the -0

MAMSB model is consistent with the Affleck—Dine baryo/ £ _,,

DM-genesis scenarits. . 25 3 :
In Fig. 5b), we show the decay temperature@balls in 100 1somj;gevzso 300 350 075240 BS0" B0 350

the (m,,T4) plane, which leads to the required mass density. '

The dark shadedblue) points correspond to the parameters FIG. 6. The effective cross section of the protpimteraction in

with Z,,=<0.01, the light shaded pointgreen to those with  the MAMSB scenario(a) The nonthermal scenarifb) The stan-

0.01=Z,,=<0.03, and the medium shad¢gurple to those dard thermal freeze-out scenario (j&s 30).

with 0.03<Zy,, where Z,, is a Higgsino fraction in the

LSP!" One can see that the required decay temperatures ajgarmal freeze-out scenarids). The four lines are the sen-

about one magnitude smaller than those in the MSUGRAjiyities of several direct detection experiments explained in

model, which comes from a larger annihilation cross sectiony, previous section. The conventions of the shadaudpr-

of the W-ino-like LSP. As in the case of the MSUGRA g of the plotted points are the same as those in Fig):5
model, we have included only thewave contributions in i “shows the Higgsino fraction in the LSP. As in the

the annihilation cross section of the neutralino to calculat, syGRA model. we have set=1 in the nonthermal sce-
the decay temperature. We have also neglected possible . — (O0thh2 2y ;
A . . ; rio andé=(Q,'h“/Qpyh?) in the thermal scenario to ob-

coannihilation effects with the lightest charginos. In the ;" effec(tiv)éx—protDoMn c)ross section
MAMSB mod_el, however, th_e mass splitting between the From the figures, in the nonthermal scenario, one can see
lightest chargino and neutralino is of the _order of 100 Mevthat a large portion of the focus point region and the small-
~1Gev [‘.16.]’ Wh'Ch has a comp_arable size 19. Hence, y region (my=<1 TeV) are within the reach of next genera-
the coannihilation effeqts may slightly change the require ion experiments. The bulk of the parameter space, where the
decay temperature, which is at most a factpr of a fevy. Higgsino component of the LSP is very small ang, is
M ANI\/?;VE :ﬁg duesl Iilslzciusisa;hteh;rlée;rte (tjv?/toe?rﬁorc])rt?r:te?aclz?orghqarge’ is difficult to survey. In the case of the thermal freeze-
to determine th. i ro%én céoss section in th'g model. When out scenario, there is almost no hope to detect the signal of

! P lon In thi ) SUSY dark matter in the entire parameter space because of

the LSP is nearly purdV-ino (my=<2 TeV), the y-proton - : ;
D . . . the smallness of the relic density of the LSP1). In Figs.
cross section is determined dominantly by the heavy nggg and 8, we also show the cor};esponding fig?Jres fo?,Btan

bqson gxchange because of a largeAaenhancement. In =10, where the conventions are the same as those in Figs. 5
this region, the shape of contours are controlled by the heavgnd 6

Higgs boson mass, , and they-proton cross section scales

as aX,pocl/m,‘f'. As the parameter sets come close to the

focus point region, the Higgsino component in the LSP be- g ngirect detection observing neutrino flux from the Sun
comes significant. In this region, theproton cross section . . . .

is primarily determined by the light Higgs boson exchange, N this section, we discuss one of the most promising
and the contours ofr, , are controlled by the Higgsino methods of indirect detection for neutralino dark matter,

fraction and have the same behavior seen in the MSUGRMAhich observes energetic neutrinos from annihilation of the
model. LSP in the Sun. If halo dark matter consists of LSPs, the LSP

In Fig. 6, we show the effectivg-proton cross section in has a finite possibility to be captured by the Sun by an elastic
the (m, &0, ) plane for both the nonthermah) and the scattering with a nucleus therein. Once captured, LSPs accu-
X’ X~

cy

100 1

18In Ref.[45], the authors have proposed a generation mechanism
of W-ino dark matter by late-time decays of heavy modulus fields.  so £ 7
In this case, however, we have to tune its coupling to the SM fields > o g — M’/
to obtain the correct-ino abundance. Furthermore, anyway, we EN 60 g o2 : 2 S
have to rely on AD baryogenesis to produce enough baryon asym g e o L@
metry in the presence of the huge entropy production from the 4 B
modulus decays. 0-05

" The lightest neutraling{ is defined as 20

0 1000 2000 3000 4000 5000 6000 100 150 200 250 300
0 ~ =3 ~0 ~0 m /GeV m, /GeV
Xi=N1B+ N W2+ NysHT +NyH>, (30)

where the coefficientdl;; are obtained by diagonalizing the neu- FIG. 7. (a) The contours oﬂi‘h2 ando,_, [pb]. (b) The decay
tralino mass matrix. Here, we call; =|N42+|N4|? the Higgsino  temperature of balls which leads to the desired mass density of
fraction. dark matter (ta8=10).
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FIG. 8. The effective cross section of the protpinteraction in
the MAMSB scenario(a) The nonthermal scenarigh) The stan-
dard thermal freeze-out scenario (fan 10).

FIG. 10. Theu flux from the Sun in the MSUGRA scenari@)
The nonthermal scenarigh) The standard thermal freeze-out sce-
nario (tan3=45)

mulate around the center of the Sun through additional scat- _ .
terings with nuclei. Those LSPs which have accumulated in N Fig. 9, we show the contours of the induced muon flux
this way can annihilate with another LSP producing variousexpected to be observed in a detector, where the dashed lines
decay products. Although most of them are immediately abdenote the expected flux and the other conventions are the
sorbed through interactions with surrounding matter to leavéa@me as those in Figs. 1 and 3. Note that, in this figure, the
no evidence of their existence, the produced neutrinos calgcal neutralino density is fixed gs,=0.3 GeV/cnt irre-
escape out of the Sun and reach terrestrial detectors. SpeCtive of the relic denSity, and hence, the actual detection
Especially, an energetic muon neutrino which escape&te in the thermal freeze-out scenario must be modified ac-
from the Sun and reaches the Earth can be converted into@@rding to the value of2'h?.
muon through a charged current interaction during passing Once we fix the local neutralino density, the size of the
through the rock below the detector. These muons inducetieutrino flux is primarily controlled by the neutralino capture
from energetic neutrinos can be detected by various astrgate of the Sun. Hence, the elastic scattering cross section
physical neutrino detectors installed deep under ground, séetween the LSP and nucleus in the Sun, not the annihilation
water, or Antarctic ice. Since competing backgrounds are€ross section of the LSP, determines the resultant neutrino
relatively well understood and also the nearby local haldlux. Since the matter of the Sun largely consists of hydro-
density is constrained better than the entire halo profilegen, the spin-dependent interaction througtboson ex-
which is still highly controversial, we can make more defi-change is the most important ingredient to determine the
nite predictions of the expected signal than in cosmic-rayscattering cross section. The coupling to Zngauge boson is
searches. In the rest of this section, we investigate the corproportional toNisM), and thus the flux becomes larger as
sequences of the Affleck-Dine baryo/DM-genesis scenario ithe Higgsino component in the LSP increases.
this indirect detection method in the MSUGRA and MAMSB A large Higgsino fraction in the LSP has another advan-

models, in turn. tage in this detection method. The detection probability for
an energetic neutrino by observing the neutrino-induced up-

1. Neutrino-induced muon flux from the Sun ward muon is proportional to the second moment of the neu-
in the MSUGRA model trino energy. This is because both the charged-current cross

First, let us discuss the prospects of the indirect detectiofiection and the range of produced muons are roughly propor-
of the neutrino-induced muon from the Sun in the MSUGRALIONal to its energy. If the LSP has a significant fraction of

model. Readers who are interested in full details of the reHi9gsino component, it can annihilate into a pairWfor Z
quired calculations, consult the excellent review given ind2uge bosons with a large branching ratio. Since the subse-

Ref. [30]. quent decays of these gauge bosons produce the most ener-
1000 1000 = ‘ -
800 800 N‘é 33 ‘?""": NS NE
S T 5 2 — PN :
g 600 g 600 5 § " £
g 400 £ 400 5 0 5 0
] S
200 200 C;_j u%
2, L .
0 1000 2000 3000 4000 0 1000 2000 3000 4000 50 100 150 200 250 300 50 100 150 200 250 300
mg /GeV my /GeV m, /GeV m, /GeV
FIG. 9. Theu flux from the Sun in the MSUGRA scenari) FIG. 11. Theu flux from the Sun in the MSUGRA scenari@)
tanB=45. (b) tanB=10. Here, the local neutralino density is fixed The nonthermal scenari¢h) The standard thermal freeze-out sce-
asp,=0.3 GeV/cni. nario (tang=10).
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FIG. 12. Theu flux from the Sun in the MAMSB scenari¢a) FIG. 13. They flux from the Sun in the MAMSB scenari¢a)
tang=30. (b) tang=10. The nonthermal scenari¢b) The standard thermal freeze-out sce-
nario (tan3=30).
getic neutrinos, a large Higgsino component is very advan- ) ) ) .
tageous for the neutrino detection. septlon of the LSP with matter in the Sun is relatively small.
In Fig. 10, we show the expected flux from the Sun in This reduces the expected muon flux compared to the

the MSUGRA model with ta=45, in the nonthermala) Hig:gsli:no—sze dark rr?attetrr.] i f1h ted
and in the thermal freeze-out scenaribs. Shading(color- n Fg. 1z, we show the contours of the expected muon

: . . flux in the MAMSB model with tarB=30 (a) and tans
ing) conventions are the same as those in Fig. 2: dalde) n .
points for Qi‘h2<0.03, light (green points for 0.03 =10 (b). The dashed lines denote the expected muon flux,

the. 2 ’ i .o  Whose value is explicitly presented in the figure. The other
=0,h*<0.1, and mediumpurplg points for 0.:0 'h conventions are the same as those in Fig).5As in the
=<0.3. For the nonthermal scenario, we have calculated thBrevious section, the local neutralino density is fixedpas

expected muon flux with a fixed local neutralino dengity _g 3 GeV/cni, and hence we need an adjustment in the
=0.3 GeV/cni. As for the thermal freeze-out scenario, We thermal freeze-out scenario to obtain correct predictions. The
have taken smaliness of the local neutr%hno density into aCmyon flux increases as the parameter sets approach the focus
count by multiplying a factor ¢=(Q7h*/Qpyuh®) as  point region, where the LSP has a significant Higgsino frac-
before® The black solid lines denote the present bound onion as in the MSUGRA case.
the muon flux from Super Kamiokandé7]. The other two Figure 13 shows the expected muon flux for (8xa30)
solid lines represent expected sensitivities for the muon fluxn the nonthermala) and in the thermal freeze-out scenarios
in the near future experiments: ICECUBE8] and AN-  (p). For the nonthermal case, we have set the local neutralino
TARES (3 years [49] from the bottom up, respectively. density asp,=0.3 GeV/cni, and for the thermal case, we
Figure 10 clearly shows the advantage of the nonthermglaye rescaled the flux by multiplying a factog
scenario in neutrino-induced muon detection. In the:(chhZ/QDMhZ) to take the smallness of the local neu-
MSUGRA model, the late-tim@-ball decay requires a quite yajing density into accourtf From this figure, we can see
large annihilation cross section, which, in turn, requires apa; there is almost no chance to find energetic neutrino sig-
significant fraction of Higgsino component in the LSP. This hs in the thermal freeze-out scenario, even after completion
promises us a S|gn|f|cant possibility to d|sc9ver h|gh-ene.rgyof the ICECUBE project. In other words, in the MAMSB
neutrino signals in the near future. Especially, for relativemqqel it strongly indicates the existence of nonthermal dark
light neutralinosm,=m;, there is a big possibility even for mater if we find energetic neutrino signals in the future ex-

ANTARES, which is now in the last phase of its construc- yeriments. We present the corresponding figure forAtan
tion, to find the signals. Furthermore, after deployment of the_ 1 i, Fig. 14.

ICECUBE detectors, we can survey the whole parameter
space of the nonthermal scenario. Similar features can be
seen in Fig. 11, which is a corresponding figure for fan
=10.

C. Indirect detection observing hard positron flux
from the halo

Finally, in this section, we discuss another promising way
to indirectly detect the existence of neutralino dark matter:
search for an excess of positron flux in cosmic rays in space-
based or balloon-borne experiments. At low energies, the ex-

Now, let turn our attention to the MAMSB model. Since pected positron flux has a large uncertainty for a lack of
the LSP in the MAMSB model is mostly composed of precise knowledge about competing backgrounds. Although
W-inos, the spin-dependefdnd also scalarscattering cross

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

%The equilibrium between capture and annihilation of the LSP is
18Although this is not the exact treatment, it gives an excellentrealized also in the MAMSB model. We found that an error larger
approximation, since the equilibrium state between capture and athanO(1%) due tathis rescaling method only appears in the region
nihilation is well realized in almost the entire relevant parameterwhere the muon flux is quite smalp,<O(1) km~2yr, in the
space. nonthermal scenario.
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FIG. 14. Theu flux from the Sun in the MAMSB scenariga) FIG. 15. The positron signal-to-background ra8(B at E in

The nonthermal scenarith) The standard thermal freeze-out sce- the MSUGRA scenario(a) tang=45. (b) tang=10.
nario (tang=10).
other choices do not change the main results for the reason
the positron background is most likely to be composed ofexplained before. We use E?dd.: /dQdE=1.16
secondaries produced in the interactions of cosmic-ray nuclek 10 E 123 as a fit of the positron backgroufii2].
with interstellar gas, which is expected to fall af;f'l,
this background suffers from a large ambiguity coming from 1. Hard positron flux in the MSUGRA model
the solar wind at energies belowl0 GeV[50,51]. It is also First, let us discuss the hard positron flux in the

affected by the orbit path of the experiment. Fortunately, 2\SUGRA model. As discussed above, the hard positron flux

high energies, these effect_s are st_rongly suppr_e_ssed, an_d Y& determined by the neutralino annihilation cross section
can hope to have a meaningful signal. In addition, at h'grlnto a pair of gauge bosons

energies, the positrons lose their energy through various pro- Therefore, we can expect that the flux increases as the

cesses, and it is known that they can reach the detectors OnII-Yiggsino component in the LSP increases, which makes the
when they are produced within a few ki0,51]. Therefore, current nonthermal scenario much more advantageous than

as for the hard positron spectrum, the result is rather inseqhe standard thermal freeze-out scenario
sitive relative to the controversial halo profile near the galac- In Fig. 15, we show the contour pldt of the positron

tic center?® . . .
The dominant source of the most energetic positron flux iSS|gnaI-to-background ralie/B at Eqp, where theS/B is

the annihilation of two neutralinos into W™ or Z° pair maximized. The solidred lines are the contours o&/B
which is followed bv the direct decav of the'* into arF:e+' whose value is denoted in the figure. Other conventions are

y 0 : iy 91 X the same as before. Note that, in this calculation, we have
and v, or decay of theZ" into ane~ pair~" The positrons

produced in this way have an average energy of half th%gzgtit\?ee (L(f)(ir?:eTﬁg::ﬁg??eﬁcegsggngg(:cgs Gev/end irre-

parent neutralino mass, and their spectrum has a peak aroun In Fig. 16, we show the positra®B ratio in the nonther-

tmh::eznergy, where the signal-to-background ratio is MaXal (a) and thermal freeze-out scenari®s in the MSUGRA

We use the following result of the differential positron model with tan3=45. In the case of th? nonther.mal sce-
flux given in Ref.[51]; rlarlo, we have get the Iocal_neutrallno density
=0.3 GeV/cni, which means¢=1. As for the thermal
dd: freeze-out scenario, we have rescaled $h@ ratio by mul-
EZdeE=2.7>< 10 °cm ?s tsrlGev tiplying by a factor of &= (Q"h?/Qpyh?)? where Qh?
<Qpuh? so that we can take the size of the neutralino relic

oY — 2(100 oo ST ol e e same as those in g, 5 Sathi poins denote
0.3 GeVien m, | < pbg ¢ g-= P
xff*dzg(z,E/mX), (31) . :
Z_

L)
2 | SAEEE ) Ce 2T SR

byl |
R I I P T

-2

el o oridsecite

wherei denotes an annihilation channel of the neutralinos
into gauge bosons. The other required expressions are avai
able in Refs[51,52. Although we adopt the modified iso-

thermal distribution with halo size 4 kpc as the halo profile,

log,, [Signal/Background]
| |
log,, [Signal/Background]

-

-8 -8

100 150 200 250 300 350 400 100 150 200 250 300 350 400
m, /GeV my /GeV

20But it is affected by the “clumpiness” of the local dark-matter
density. FIG. 16. The positron signal-to-background ra8B at E in
°The positron line signal from direct annihilation into ah pair the MSUGRA scenariola The nonthermal scenari¢) The ther-
is helicity suppressed, and we will not consider it in this paper. mal freeze-out scenario. (t#h=45).
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FIG. 17. The positron signal-to-background re@iB at E in FIG. 19. The positron signal-to-background raBitB at E in
the MSUGRA scenario@ The nonthermal scenari¢h) The ther-  the MAMSB scenario(a) The nonthermal scenaritb) The thermal
mal freeze-out scenario (tgh= 10). freeze-out scenario (tg= 30).
parameter sets that would Ieadﬁki‘h% 0.03 in the thermal . In Fig. 19, we present the signal-to-background r&iiB
scenario in the nonthermala) and the thermal freeze-out scenaribs

In the figure, the advantage of the nonthermal scenario jfor tang=30. The _shadmg(cplormg) conventions are the.
really distinctive. The preferred region for AD baryogenesisisnamg iSSIE’h?A\Sseirllnt:]:IeglcaGS,(;NQl:?[rl‘]]ed(I?AnSOLtJthlgeA I:T:ggzlln?/vg?:zi?en
(Qi‘hzs 0.03) provides quite a larg®/B ratio, especially at seté=1 iﬁ the nonthermal scenario and rescalea B
the regionm, =m,,, where evers/B~10% is possible. On io b ltiolving by&2= (02O 122 in the th |
the other hand, the thermal freeze-out scenario predicts ?t'o y muftiplying yE"= (€ DM .) In the therma
very smallS/B ratio <1%, particularly at the coannihilation reeze-out scenario. As one can see, i AD baryo/DM
region. The expected sensitivity of future space-based e enesis had .reglly_take.n placg in the early Universe, we will
periments, such as AMS-053], is roughly ~1%. There- ave rgally distinctive S|gnaI§ in the near future. On the other
fore, although the estimation of the positron flux is suﬁershand' n the thermal scenario, we cannot expect any _observ-
from various uncertainties, such as “clumpiness” of the Iocalable signal because of smallne_ss_of the rlano den5|ty:
neutralino density, we can expect a good possibility to find ecause we can survey only a I'm'ted parameter space in the
kind of “smoking-gun” signal of nonthermal dark matter in AMSB model by d|_rect detecupn and.an indirect dgrk-
the near future. In Fig. 17, we show the corresponding caI—matter searqh observm'g energetic r_1eutr|no_s, obser_vat|on of
culations for tang= 10. the hard positron flux WI|| play a crucial rple in revealing the

nature of dark matter in this model. In Fig. 20, we present a
corresponding figure for tg=10.
2. Hard positron flux in the MAMSB model

Now, let us discuss the expected positron flux in the
MAMSB scenario. In this modeM-ino-like LSP is realized
in most of the parameter space, which has a larger annihila- In this paper, we have discussed the implications of the
tion cross section into gauge bosons than Higgsino-like LSAffleck-Dine baryo/DM-genesis scenario in several ways for
by roughly one order of magnitude. This fact allows us todark-matter searches. We have investigated two promising
have much more distinctive signals than those in theways of indirect detection: one is observation of the muon
MSUGRA model, if the nonthermal DM genesis had takenflux induced by energetic neutrinos from the center of the
place in the early Universe. In Fig. 18, we show a contourSun and the other is to observe the hard positron flux from
plot of the positron signal-to-background ratB at E,,  the halo. We have also updated a previous analysis of direct
with fixed local neutralino density gs,=0.3 GeV/cni. In  detection by implementing the recent WMAP result to con-
most of the allowed parameter regiddB~1 is expected.

V. CONCLUSIONS AND DISCUSSION
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FIG. 20. The positron signal-to-background ra8(B at E in
FIG. 18. The positron signal-to-background rafiB at E in the MAMSB scenario(a) The nonthermal scenarith) The thermal
the MAMSB scenario(a) tanB=30. (b) tang=10. freeze-out scenario (tg= 10).
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strain the allowed parameter space, which allowed us to havaark matter is a much more generic prediction of the MSSM

more definitive predictions of the nonthermal scenario. or any kind of SUSY standard models. Once we assume
We have adopted the MSUGRA and MAMSB scenariosMSSM-like models, we inevitably have many flat directions.

to demonstrate the predictions of the nonthermal scenario. IBecause we believe in the existence of an inflationary era in

the MSUGRA model, Affleck-Dine baryogenesis prefers thethe very beginning of the Universe, we have good reason to

“focus point” region to avoid overclosing the Universe, expect that there are couplings between the inflaton and SM

where the LSP contains a non-negligible component of thdields in the Kéler potential of the form

Higgsino. A large Higgsino fraction in the LSP increases all

of the above-mentioned detection rates, and we can survey ot

the whole parameter space in future experiments. Especially, oK = W' 1O D,

for relatively light neutralinosn, =m;, we have an intrigu- *

ing possibility to discover dark-matter signals in near future : : - :

experiments, such as CDMSouda [42], EDELWEISS Il wherel is the inflaton superfield ané denotes any kind of

SM field. In order to ensure that all flat directions have a
[41], and ANTA_RES[A'Q]' n the case of ttpezMAl\/EB-model, positive-Hubble-order mass term, we have to assbrid
the thermal relic density is very smally, h“~10"", in the

. ) for arbitrary combinations of along flat directiong?
entire parameter space, which makes the AD baryogenesis T seems a rather strong assumption. We think that it is

consistent in the entire region. Unfortunately, we can surveyn,,ch more natural, or at least comparably natural, that some
only a limited parameter space by direct detection and indijt gjrection has a negative Hubble-order mass term and
rect detection observing neutrino flux from the Sun. HOw-geyelops a large expectation value during the inflationary
ever, the quite large annihilation cross section Mtdosons stage. This generally leads to the same nonthermal DM gen-

promises distinctive signals of the hard positron fl@nd  ggjs a5 discussed in this paper. There is no need for the flat
also of the monoener_geuc photon frqm the direct annihilationyi ection to carry nonzero baryon number. If the flat direc-
channel:yx— yy/Z) in future experiment$54]. Although  {ion js Jifted by some nonrenormalizable operator in the su-
we have adopted the MSUGRA and MAMSB models for serpotential, the flat-direction field is likely not to dominate

demonstration, since the discussed detection rates are primgy energy density of the Universe, and hence it does not lead
rily determined by the Higgsino ak-ino fraction in the LSP, {5 aqditional entropy production. In this case, we can make

we hope that the main predictions are not changed in othglge of leptogenesis to produce the observed baryon

SUSY-breaking models. _ _ asymmetny?® Note that the decay temperature @fballs is
Very encouragingly, though we have to wait father confir-mainly  determined by the initial amplitude of the flat-

mation, there already exist some interesting experimentgjrection field, and hencd,y=(O(1) GeV is a quite generic
signals which can be naturally explained by HIggsino- orpreqiction?* These observations lead us to consider
W-ino-like nonthermal dark matter. The recent HEAT bal- Higgsino- orW-ino-like nonthermal dark matter as a quite

loon experiment55] has reported a significant excess of 4t ral consequence of the MSSM or other SUSY standard
positrons in cosmic rays. The authors of R¢86,57 have  nodels. We hope that this work will encourage serious re-
argued that a Higgsino oWN-ino LSP with massmy<m,  gearch on nonthermal dark matter.

=200 GeV could yield a consistent positron flux provided

the relic abundance is from a nonthermal source. The

EGRET [58] telescope has also identified a gamma-ray ACKNOWLEDGMENTS

source at the galactic center. The authors of R&9] have M.F. thanks the Japan Society for the Promotion of Sci-

argued that the spectrum features of this source are compaince for financial support.

ible with the gamma-ray flux induced by pair annihilations of

dark-matter neutralinos. They have shown that discrimina

tion between this interesting interpretation and other viable 22,~ 1 1 g 3 is enough to drivé> away from the origin.

explanations will be possible with GLASTBO], the next  23a5 we have mentioned in the Introduction, since thermal lepto-

major gamma-ray telescope in space. genesis is unlikely to work because of the gravitino problem in the
Finally, let us comment on the generality of nonthermalcurrent situation, we must rely on some nonthermal generation

dark matter. In the present work, we have assumed Affleckmechanism of right-handed Majorana neutrifi6k

Dine baryogenesis as the origin of the nonthermal source of?*A detailed discussion of each flat direction will be published

the LSP. However, we think that the existence of nonthermadisewhere.
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