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PHYSICAL REVIEW D, VOLUME 63, 045024
Prospects for indirect detection of neutralino dark matter

Jonathan L. Feng,1 Konstantin T. Matchev,2 and Frank Wilczek1
1School of Natural Sciences, Institute for Advanced Study, Princeton, New Jersey 08540

2Theoretical Physics Department, Fermi National Accelerator Laboratory, Batavia, Illinois 60510
~Received 18 August 2000; published 30 January 2001!

Dark matter candidates arising in models of particle physics incorporating weak scale supersymmetry may
produce detectable signals through their annihilation into neutrinos, photons, or positrons. A large number of
relevant experiments are planned or underway. The ‘‘logically possible’’ parameter space is unwieldy. By
working in the framework of minimal supergravity, we can survey the implications of the experiments for each
other, as well as for direct searches, collider searches, low-energy experiments, and naturalness in a transparent
fashion. We find that a wide variety of experiments provide interesting probes. Particularly promising signals
arise in the mixed gaugino-Higgsino region. This region is favored by low-energy particle physics constraints
and arises naturally from minimal supergravity due to the focus point mechanism. Indirect dark matter searches
and traditional particle searches are highly complementary. In cosmologically preferred models, if there are
charged superpartners with masses below 250 GeV, then some signature of supersymmetry must appearbefore
the CERN LHC begins operation.

DOI: 10.1103/PhysRevD.63.045024 PACS number~s!: 12.60.Jv, 14.80.Ly, 95.85.Ry
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I. INTRODUCTION

It is now well established that luminous matter makes
only a small fraction of the mass of the observed univer
The evidence for dark matter is both astrophysical and c
mological @1#. Such evidence requires only that dark mat
is gravitationally interacting. However, additional co
straints, especially the success of light-element cosmo
cleosynthesis calculations, strongly disfavor the possibi
that dark matter is composed solely of baryons@2#, and so
some form of matter foreign to our everyday world is r
quired. The dark matter problem is therefore also an imp
tant problem for particle physics, as particle physics b
suggests promising possibilities and imposes stringent c
straints.

Neutralinos are well-motivated candidates to prov
much or all of the non-baryonic dark matter. An effective
stable particle is a generic component of models with we
scale supersymmetry. This particle is the lightest supers
metric particle~LSP!, and is typically the neutralino, a mix
ture of the superpartners of Higgs and electroweak ga
bosons. Particle physics considerations alone require
neutralino to be electrically neutral, effectively stable~as-
sumingR-parity conservation, which is also motivated by t
need to forbid too-rapid proton decay!, and weakly interact-
ing, with mass of order 100 GeV~required, as we shall quan
tify below, if supersymmetry naturally protects the ele
troweak scale from large radiative corrections!. Remarkably,
these properties are consistent with the possibility that
thermal relic density of neutralinos makes up most of
missing mass of the universe@3,4#.

Unfortunately, these properties also guarantee that n
tralinos are practically impossible to observe in collider e
periments directly. They pass through collider detect
without interacting. Existing bounds on neutralinos theref
rely on model-dependent correlations between their pro
ties and those of other supersymmetric particles. At pres
in minimal supergravity, the CERNe1e2 collider LEP ex-
periments constrainmx*40 GeV @5#. In the next severa
0556-2821/2001/63~4!/045024~18!/$15.00 63 0450
p
e.
s-
r

u-
y

r-
h
n-

-
-

e
he

-

e
e

u-
-
s
e
r-
t,

years, run II of the Tevatron at Fermilab and, eventually,
Large Hadron Collider~LHC! at CERN will provide more
powerful collider probes.

If neutralinos make up a significant portion of the ha
dark matter, many additional avenues for their detect
open up. They may deposit energy as they scatter off nu
in detectors. We have investigated the prospects for di
detection in a companion article@6#, where we emphasized
the importance and promise of a mixed gaugino-Higgs
regime, previously neglected. Here we will study the pos
bility of detecting neutralinos indirectly by looking for evi
dence of their annihilation@7#. In the next five years, an
astounding array of experiments will be sensitive to the va
ous potential neutralino annihilation products. These inclu
under-ice and underwater neutrino telescopes~AMANDA,
NESTOR, ANTARES!, atmospheric Cherenkov telescop
~STACEE, CELESTE, ARGO-YBJ, MAGIC, HESS, CAN
GAROO, VERITAS!, space-basedg ray detectors~AGILE,
AMS/g, GLAST!, and antimatter-antiparticle experimen
~PAMELA, AMS!. In many cases, these experiments w
improve current sensitivities by several orders of magnitu

In this paper we evaluate the prospects for neutralino d
matter discovery through indirect detection. The neutral
signals depend on many unknown parameters. At the s
time, an abundance of theoretical and experimental inform
tion from particle physics can be brought to bear. The imp
cations of traditional particle physics searches for dark m
ter searches, andvice versa, are already significant, an
promise to become much stronger over the next few ye
One of our main conclusions is that in a class of parti
physics models favored by current particle physics c
straints, astrophysical signals are especially enhanced.

Previous discussions of indirect neutralino detection
rather sharply into two schools. Several previous works
based on specific high energy models@8,9#, including a num-
ber in the framework of minimal supergravity@10–14#. As
we will recall below, minimal supergravity incorporates se
eral desirable features, including the radiative breaking
electroweak symmetry and the possibility, suggested
gauge coupling unification@15#, of perturbative extrapolation
©2001 The American Physical Society24-1
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FENG, MATCHEV, AND WILCZEK PHYSICAL REVIEW D 63 045024
to large energy scales. Previous studies in minimal su
gravity have concluded that onlyB-ino-like dark matter is
allowed by particle physics constraints. Such dark ma
necessarily implies highly suppressed dark matter signals
we will see. These studies, and their somber conclusio
have been criticized as products of overly restrictive part
physics assumptions@16#. Recently we have argued mor
specifically that, even in minimal models, these studies fa
to examine a very well-motivated regime of parameters,
that for this reason their conclusions are overly pessimi
@6#.

At the other extreme, several studies scan over a large
of weak-scale supersymmetry parameters and consider
ues for these parameters as large as 50 TeV.~See, for ex-
ample, Refs.@16–20#.! These studies, and others, bring
high level of sophistication to the evaluation of astrophysi
effects on dark matter signals. In this regard, we will ha
nothing to add, but we will incorporate many of the mo
accurate recent results in our study.

From a particle physics perspective, this second gr
of studies is impressively general, but this genera
is achieved at a cost. For example, extrapolating a gi
set of weak-scale parameters to higher scales, one
encounter such diseases as Landau poles or charge
color-breaking minima. Models of this sort do n
arise within a reasonable high energy framework.
addition, there is the practical difficulty that the proliferatio
of free parameters implies that results cannot be prese
in a systematic, yet transparent, fashion. Typically th
are displayed as scatter plots after scanning over
parameters. It is nearly impossible, from such plots, to de
mine the dependence of the signal rates on the underl
physical parameters. Dedicated correlation plots have b
used to highlight a few of the relations between dark ma
detection experiments, but even the most general impl
tions of these experiments for collider searches, electric
pole moments, anomalous magnetic moments, proton de
flavor violation, and other searches for supersymmetry
very hard to discern. Finally, it can be expected that sup
symmetry parameters, such as them and gaugino mass
parameters, of order 50 TeV will require fine-tuning of t
order of 1 part in 106 to produce the observed electrowe
scale.~While it is impossible to speak of naturalness witho
first specifying a mechanism of electroweak symme
breaking, at present all concrete models display this featu!
Such large fine-tuning destroys one of the main motivati
for considering supersymmetric extensions of the stand
model in the first place. Lacking both a systema
framework and a systematic presentation, it is impossible
see how the expectations narrow when some natural
criterion is imposed.
04502
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It may be impossible to satisfy both schools simul
neously. However, recent results suggest an appealing c
promise. As has been emphasized in Refs.@21–23#, a B-ino-
like LSP isnot a robust prediction of minimal supergravity
We find that bothB-ino-like and mixed gaugino-Higgsino
dark matter is possible. So simply by considering all of mi
mal supergravity parameter space carefully, as we will
here, we remove the most egregious form of model dep
dence. At the same time, by staying within the confines
minimal supergravity we will be able to present results in
organized and comprehensive manner, so that correlat
with all other supersymmetric signals are easily determin
As the experiments discussed below report results, it will
ever more interesting to see what models are being exclu
or favored. The framework discussed here makes this p
sible.

Inclusion of the new gaugino-Higgsino LSP models
minimal supergravity is not just a formality. The region wi
mixed gaugino-Higgsino LSPs is now known to be robu
and natural, given an objective definition of naturalness@21–
23#. It yields cosmologically interesting relic densities@6#,
and is even favored by low energy constraints such as pro
decay and electric dipole moments@24#. As we will see,all
indirect detection signals are enhanced in this region. T
lends increased interest to indirect dark matter searc
since large—possibly spectacular—rates are predicted wi
an attractive and simple high energy framework.

In the following section, we review a few essential resu
concerning neutralino dark matter in minimal supergrav
with an emphasis on the new gaugino-Higgsino LSP regi
We then consider each of three promising signals in the
lowing sections: upward-going muons from neutrinos in S
III, photons in Sec. IV, and positrons in Sec. V. In Sec.
we compare these to direct dark matter and traditional p
ticle physics searches, and in Sec. VII we summarize
results.

II. NEUTRALINO DARK MATTER AND ITS
ANNIHILATION

The lightest neutralino is the LSP in many supersymm
ric models. AssumingR-parity conservation to prevent too
rapid proton decay through dimension-four operators,
LSP is effectively stable, and the neutralino is then an exc
lent candidate for cold dark matter.

The signals of neutralino dark matter are determined
large part by their composition. Neutralinos are mixtures
the superpartners of Higgs and electroweak gauge bos
After electroweak symmetry breaking, these gauge eig
states mix through the tree-level mass matrix
S M1 0 2mZ cosb sinuW mZ sinb sinuW

0 M2 mZ cosb cosuW 2mZ sinb cosuW

2mZ cosb sinuW mZ cosb cosuW 0 2m

mZ sinb sinuW 2mZ sinb cosuW 2m 0

D ~1!
4-2
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PROSPECTS FOR INDIRECT DETECTION OF . . . PHYSICAL REVIEW D 63 045024
in the basis (2 iB̃,2 iW̃3,H̃u
0 ,H̃d

0). The weak scale param
eters entering this mass matrix are theB-ino, W-ino, and
Higgsino mass parametersM1 , M2, andm, and the ratio of
Higgs scalar vacuum expectation values tanb5^Hu

0&/^Hd
0&.

The lightest neutralino mass eigenstate is then determine
these parameters to be some mixture

x[x1
05a1~2 iB̃ !1a2~2 iW̃3!1a3H̃u

01a4H̃d
0 . ~2!

We define the LSP gaugino fraction to be

Rx[ua1u21ua2u2. ~3!

In the following, we refer to neutralinos with 0.9,Rx as
gaugino-like, 0.1<Rx<0.9 as mixed gaugino-Higgsino, an
Rx,0.1 as Higgsino-like.

The preceding discussion is model-independent, assum
only minimal field content. However, the minimal supersy
metric standard model is undoubtedly a low-energy effec
theory of a more fundamental theory defined at some hig
scale, such as the grand unified theory~GUT! or string scale.
A simple realization of this idea is the framework of minim
supergravity, which is fully specified by the five paramete
~four continuous, one binary!

m0 ,M1/2,A0 ,tanb,sgn~m!. ~4!

Here, m0 , M1/2, and A0 are the universal scalar mas
gaugino mass, and trilinear scalar coupling. They are
sumed to arise through supersymmetry breaking in a hid
sector at the GUT scaleMGUT.231016 GeV. The hidden-
sector parameters then determine all the couplings
masses of the weak scale Lagrangian through renorma
tion group evolution. In particular, electroweak symmetry
broken radiatively by the effects of a large top quark Yuka
coupling, and the electroweak scale is determined in term
supersymmetry parameters through

1

2
mZ

25
mHd

2 2mHu

2 tan2 b

tan2b21
2m2. ~5!

Equation~5! receives corrections beyond tree level; in o
work we include all one-loop effects in the Higgs potent
@25#. We also use two-loop renormalization group equatio
@26# with one-loop threshold corrections@25,27# and calcu-
late all superpartner masses to one-loop@25#. All of the
qualitative features to be described below are present, h
ever, also for one-loop renormalization group equations.

Minimal supergravity is, of course, by no means the m
general allowed framework. It is worth noting, however, th
the assumptions most relevant for dark matter, namely,
universality of gaugino and scalar masses, are motivated
only by their simplicity, but also by concrete experimen
facts. The case for gaugino mass unification is especi
powerful. In the minimal supersymmetric standard mod
the three gauge couplings, when evolved to high scales, m
with high precision at a point, the GUT scale@15#. If the
standard model is unified in a grand unified gauge theo
one typically obtains also gaugino mass unification. The u
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fication of couplings calculation also distinguishesMGUT
.231016 GeV as the natural scale for a more fundamen
framework.

The unification of scalar masses is motivated by a simi
although more speculative, argument. Consider the mass
rametermHu

2 , which, from Eq.~5!, plays the critical role in

determining the weak scale for all moderate and large va
of tanb (tanb*5). For theories with a universal scala
mass, it is a remarkable fact that the renormalization gro
trajectories ofmHu

2 for various initial conditionsm0, when

evolved to low scales, meet with high precision at a po
the weak scale@21,22#. This focusing, which requires tha
the top quark mass be within;5 GeV of its measured value
implies that the electroweak potential is highly insensitive
m0. The longstanding problems of supersymmetry with
spect to CP violation, proton decay, etc. can therefore
ameliorated without fine-tuning, simply by assuming lar
scalar masses. Although the focusing property holds m
generally, its minimal and most concrete realization is
theories with a universal scalar mass. The assumption
universal~and large! scalar mass is therefore motivated b
the fact that it provides a simple and elegant solution
several well-known phenomenological problems of we
scale supersymmetry.

Given these motivations for minimal supergravit
we now consider their implications for neutralino dark ma
ter. Gaugino mass unification impliesM1.M2 /2
.0.4M1/2. Dark matter is therefore neverW-ino-like,1 and
in fact, throughout parameter space,ua2u2,0.07. Additional
insights follow from re-writing Eq.~5! in terms of GUT scale
parameters. ForA050 and tanb510, for example,

1

2
mZ

2'20.04m0
211.4M1/2

2 2m2, ~6!

where the numerical coefficients of the first two terms va
fractionally byO(10%) in the (m0 ,M1/2) plane@21,22#. The
coefficient of m0

2 is highly suppressed@30,31#. This is an-
other expression of the focusing behavior discussed ab
and implies that multi-TeV values ofm0 do not involve sig-
nificant large fine-tuning. The coefficient is also negativ
For fixedM1/2, asm0 increases,umu decreases, and the LS
becomes increasingly Higgsino-like. This is important, b
cause even a 10% Higgsino admixture drastically affects
phenomenology. In Figs. 1 and 2 we show the LSP mass
gaugino fraction in the (m0 ,M1/2) plane. For largem0*1
TeV, we find a region, previously ignored, where the LS
has a significant Higgsino component. The green shaded
gions are excluded by the requirement that the LSP be n
tral ~top left! and by the chargino mass limit of 95 Ge
~bottom and right!.

1W-ino-like LSPs exist in other frameworks, but typically the
annihilate far too quickly to be cosmologically relevant@28#. Inter-
esting relic densities are possible, however, if there is some me
nism of late production@29#.
4-3
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FENG, MATCHEV, AND WILCZEK PHYSICAL REVIEW D 63 045024
In Figs. 1 and 2, we also indicate the regions of cosm
logically interesting relic densities; see Ref.@6# for details. A
generous range is 0.025<Vxh2<1, where the lower bound
is the requirement that neutralino dark matter explain ga
tic rotation curves and the upper bound follows from t
lifetime of the universe. Above this shaded region,Vh2.1;
below,Vh2,0.025. The range 0.1<Vxh2<0.3 is most pre-
ferred by current limits. Our relic density calculation is n
trustworthy in the black region, where there is a Higgs sca
resonance, and very near to the left and right borders of
excluded region, where co-annihilation is important@32–35#.
In the bulk of parameter space, however, these effects
negligible. For all tanb, cosmologically interesting densitie
are possible form0*1 TeV. For tanb510, the cosmologi-
cally preferred region contains gaugino-Higgsino dark m
ter.

In contrast tom0, the parametersM1/2 andm enter Eq.~6!
with O(1) coefficients. Naturalness therefore requires t
the LSP mass~and, in fact, the masses of all four neutralin
and both charginos! should not be too far above the ele
troweak scale. While in principle it is possible that in som
fundamental frameworkM1/2 andm are correlated precisel
in a way that allows both parameters to be large with
fine-tuning ~a possibility considered in Ref.@36#!, no such
framework has been found to date. Barring such a poss
ity, extreme values such asM1/2,m;50 TeV require a fine-
tuning of 1 part in 106 and destroy one of the prime motiva
tions for weak-scale supersymmetry. We therefore reg
such large values as highly disfavored, and we will focus
neutralino masses of order 100 GeV.

Neutralinos annihilate through a variety of channels. T
three leading processes are shown in Fig. 3.~Note that co-
annihilation, while potentially important in determining rel
densities in the early universe, is negligible now.! Annihila-
tion into gauge bosons is of particular importance, as th

FIG. 1. Contours of constant LSP massmx in GeV in the
(m0 ,M1/2) plane forA050, m.0, mt5174 GeV, and two repre-
sentative values of tanb. The green shaded regions are excluded
the requirement that the LSP be neutral~left! and by the chargino
mass limit of 95 GeV~bottom and right!. We have also delineate
the regions with potentially interesting values of the LSP relic ab
dance: 0.025<Vxh2<1 ~yellow! and 0.1<Vxh2<0.3 ~light blue!.
In the black region,u2mx2mhu,5 GeV, and neutralino annihila
tion is enhanced by a Higgs resonance.
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processes lead to more energetic and striking signals.
WW cross section relies onWxx i

6 interactions. The only

such couplings allowed by gauge invariance areWH̃0H̃6

andWW̃0W̃6. However, as noted above, gaugino mass u
fication implies that theW-ino content of the LSP is alway
negligible. A largeWW cross section is therefore possib
only when the LSP has a significant Higgsino compone
The same conclusion holds for theZZ process, where the
Zxx i

0 interaction is possible only throughZH̃0H̃0 couplings.
In Fig. 4, we see that the annihilation cross sections forxx
→WWandxx→ZZ are indeed highly suppressed in regio
with B-ino-like LSPs, but are enhanced by three to four
ders of magnitude in regions with mixed gaugino-Higgsi
dark matter. As we will see, this region, favored by lo
energy constraints, will be the most promising for all indire
signals.

Before closing this section, we note several features
Figs. 1 and 2 that will also apply to many of the followin
figures. Unless otherwise noted, we present results forA0
50, m.0, mt5174 GeV, and representative values of tanb
as indicated.A0 governs the left-right mixing of scalars, an
does not enter the neutralino sector. It is therefore larg
irrelevant, especially in the regions of parameter space w
observable signals—where, as we will see, the scalars
heavy and decoupled.2 ~In addition, the most important tri-
linear coupling,At , has a weak-scale fixed point, and so
only weakly sensitive toA0.! Our dark matter results ar
rather insensitive to the sign ofm, but the choicem.0 is
motivated by the constraint fromB→Xsg ~see, e.g.@37#!.
Finally, perturbativity of Yukawa couplings limits tanb to

2For A050, the 1999 LEP bound on the mass of the lighte
CP-even Higgs bosonmh.107.7 GeV barely constrains the param
eter space shown in our figures, while the 2000 limitmh.113.3
GeV excludes the region withm0&1 TeV andM1/2&300 GeV.
However, the Higgs search is highly sensitive to theA0 parameter.
For other values ofA0, the current constraints may be evaded w
negligible impact on our predictions for indirect dark matter det
tion. For this reason, we do not include the Higgs boson m
constraints in the following analysis.

FIG. 2. Contours of constant gaugino fractionRx in percent, for
the same values of the parameters as in Fig. 1.
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PROSPECTS FOR INDIRECT DETECTION OF . . . PHYSICAL REVIEW D 63 045024
the range 1&tanb&60. Low values of tanb&3 are now
being excluded by the LEP Higgs search. In the remain
interval, models with moderate and high values may h
qualitatively different behavior, as processes proportiona
down-type Yukawa couplings are enhanced by tanb. We
therefore typically present results for two representative v
ues, one in each range. Plots of many other quantities
cluding all physical slepton, squark, and Higgs boson mas
in the (m0 ,M1/2) plane, including the highm0 region, may
be found in Refs.@21–23#.

Finally, in the following three sections, we willnot in-
clude the effects of variations in thermal relic density in o
signal rates, but rather assume, for concreteness, a fixed
neutralino density. The results are then more transparent,
are applicable to general scenarios, such as those in wh
late source of neutralino production is present. Of course
the simplest scenario, models withVxh2.1 are excluded,
and those with an under-abundance of neutralinos are d
vored and imply suppressed or negligible dark matter s
nals. This should be kept in mind in the following section
In Secs. VI and VII, we will combine all these conside
ations, and focus on the most preferred regions.

III. NEUTRINOS

When neutralinos pass through astrophysical objects,
may be slowed below escape velocity by elastic scatter

FIG. 3. Three leading neutralino annihilation channels.
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Once captured, they then settle to the center, where t
densities and annihilation rates are greatly enhanced. W
most of their annihilation products are immediately a
sorbed, neutrinos are not. High energy neutrinos from
cores of the Earth@38–41# and Sun@40,42–47# are therefore
promising signals for indirect dark matter detection.

The formalism for calculating neutrino fluxes from da
matter annihilation is well developed.~See Ref.@48# for a
review.! The neutrino flux depends first and foremost on t
neutralino density, which is governed by the competing p
cesses of gravitational capture and neutralino annihilation
N is the number of neutralinos in the Earth or Sun,Ṅ5C
2AN2, whereC is the capture rate andA is the total anni-
hilation cross section times relative velocity per volume. T
present neutralino annihilation rate is then

GA5
1

2
AN25

1

2
Ctanh2~ACA t(!, ~7!

wheret('4.5 Gyr is the age of the solar system.
Captured neutralinos then annihilate through the p

cesses of Fig. 3. Asxx→ f f̄ is helicity-suppressed, neutrino
are produced only in the decays of primary annihilati

FIG. 4. Contours of constantsv in pb for ~a! xx→WWand~b!
xx→ZZ. We fix A050, m.0, mt5174 GeV, and tanb510.

FIG. 5. The filling parameterACA t( for the Earth. We assume

neutralino velocity dispersionv̄5270 km/s and a local density o
r050.3 GeV/cm3.
4-5



ge
m
th
ng
s
th
p

a-
s
e
-
in
,

ac
fs

e
u
y

nt

on

el
ive
ls

un
’s

e for

is
ter-

ire
ss
or-
ge

is
ly

in

of

are
un-

arge
rge
he
re

y
hl
-
lv

FENG, MATCHEV, AND WILCZEK PHYSICAL REVIEW D 63 045024
products. Typical neutrino energies are thenEn; 1
2 mx to

1
3 mx , with the most energetic spectra resulting fromWW,
ZZ, and, to a lesser extent,tt̄. After propagating to the
Earth’s surface, neutrinos are detected through their char
current interactions. The most promising signal is fro
upward-going muon neutrinos that convert to muons in
surrounding rock, water, or ice, producing through-goi
muons in detectors. The detection rate for such neutrino
greatly enhanced for high energy neutrinos, as both
charged-current cross section and the muon range are
portional toEn .

The calculation of muon fluxes from neutralino annihil
tion in the Earth and Sun is on reasonably firm footing, a
depends only on the local dark matter density and is ins
sitive to details of halo modeling.3 Nevertheless, the calcula
tion is involved, primarily as a result of complications
evaluating capture rates@51–53# and, in the case of the Sun
in propagating the neutrinos from the core to the surf
@40,54,55#. Here we make use of the procedure of Re
@48,56#. For other analyses, see Refs.@57–59,17#, as well as
those motivated by the Tevatrone1e2gg event@60,61# and
by the DAMA annual modulation signal@62,63#.

The ‘‘filling parameters’’ACA t( for the Earth and Sun
are given in Figs. 5 and 6. For the Sun,ACA t(@1 for all
supersymmetry parameters. The neutralino density has th
fore reached equilibrium, and the annihilation rate is at f
strength, withGA'C/2. For the Earth, however, typicall
ACA t(!1, and the annihilation rate isGA' 1

2 C2A t(
2 and

far from maximal. As we will see, this plays an importa
part in reducing the Earth’s signal below the Sun’s.

The other major ingredient in the muon flux computati
is the estimate of the neutralino capture rateC, which is
shown in Figs. 7 and 8 for the Earth and Sun, respectiv
The elemental compositions of the Earth and Sun are g
in Ref. @11#. A quick comparison of Figs. 7 and 8 revea

3It has been suggested that muon fluxes may be enhanced, b
to two orders of magnitude, due to capture of neutralinos in hig
eccentric solar system orbits@49#. The magnitude of the enhance
ment depends on details of the neutralino parameters and invo
astrophysical issues still under debate@50#. We have not included it
here.

FIG. 6. As in Fig. 5, but for the Sun.
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that, not surprisingly, a large astrophysical body like the S
is much more efficient in trapping neutralinos. The Earth
capture rate is, however, enhanced by the iron resonanc
very light neutralino massesmx;50 GeV. The tanb depen-
dence is also noteworthy. The capture rate in the Earth
determined primarily by the spin-independent elastic scat
ing cross section forxq→xq throughs-channel squarks and
t-channel Higgs boson exchange. All amplitudes requ
chirality flips, either through Higgs interactions, squark ma
insertions, or quark mass insertions. The first two are prop
tional to tanb and therefore dominate for moderate and lar
tanb, leading toC;tan2 b. In contrast, for the Sun, the
tanb dependence is minimal; the dominant contribution
from axial-vector scattering off hydrogen, which is large
independent of tanb.

Muon flux rates from the Earth and Sun are presented
Figs. 9 and 10. Consistent with previous studies~see, e.g.
@14#!, we find that the flux rate is indeed small in regions
parameter space withm0,1 TeV and B-ino-like LSPs.
However, form0.1 TeV, in the region wheremx.mW and
the dark matter is a gaugino-Higgsino mixture, the fluxes
greatly enhanced. Here, annihilation to gauge bosons is
suppressed, resulting in a hard neutrino spectrum and l
muon fluxes. In this region, the rates from the Sun are la
for all values of tanb. For the Earth, we see that, despite t
close proximity of the Earth’s center, the muon fluxes a

up
y

es

FIG. 7. The capture rate of neutralinosC in s21 in the center of

the Earth~for v̄5270 km/s andr050.3 GeV/cm3).

FIG. 8. Same as in Fig. 7, but for the Sun.
4-6
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typically suppressed by several orders of magnitude rela
to those from the Sun. However, reasonably large rates
possible even for the Earth for large tanb, and particularly
for very light neutralinos, where the capture rate is enhan
by the iron resonance, as discussed above.

The theoretical predictions of Figs. 9 and 10 can be co
pared with the experimental sensitivities of ongoing and n
future detectors@64#. These experiments, along with the
more salient characteristics and flux limits~where available!,
are listed in Table I. The flux limits depend on the expec
angular dispersion in the signal. This dispersion has two p
sible origins. One is the source: although neutralinos fr
the Sun are essentially a point source, in the Earth, 98%
neutralino annihilations occur within a cone of half-ang

8.6°A50 GeV/mx @52,53#. The second is the angleu rms

'13°A25 GeV/En between the neutrino and its daught
muon. AsEn&mx/2, u rms is typically the dominant effect
The flux limits listed are for half-cone sizes of 15°, corr
sponding roughly tomx;50 GeV. Heavier neutralinos wil

FIG. 9. Muon flux from the Earth in km22 yr21 ~for v̄5270
km/s andr050.3 GeV/cm3).
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produce more collimated muons, allowing smaller cone si
with reduced backgrounds. The improved limits for smal
cone sizes may be found in the references.

Comparing Figs. 9 and 10 with Table I, we find th
present limits do not significantly constrain the minimal s
pergravity parameter space. However, given that the ef
tive area of neutrino telescope experiments is expecte
increase by 10 to 100 in the next few years, muon fluxes
order 10–100 km22 yr21 may be within reach. Such sens
tivities are typically not sufficient to discoverB-ino-like
LSPs, unless they are light and tanb is large. But they have
an excellent opportunity to detect dark matter in the mix
gaugino-Higgsino dark matter scenarios, which, as we h
emphasized above, are preferred by low energy part
physics constraints.

Muon energy thresholds, listed in Table I, are not
cluded in Figs. 9 and 10. Since the muon detection rat
dominated by high energy muons as noted above, the thr
old energy is typically not important, especially in the r
gions where a detectable signal is expected. This is not
case for all detectors, however. For example, since mu

FIG. 10. As in Fig. 9, but for the Sun.
TABLE I. Current and planned neutrino experiments. We list also each experiment’s~expected! start date, physical dimensions~or
approximate effective area!, muon threshold energyEm

thr in GeV, and 90% C.L. flux limits for the EarthFm
% and SunFm

( in km22 yr21 for
half-cone angleu'15° when available.

Experiment Type Date Dimensions Em
thr Fm

% Fm
(

Baksan@65# Underground 1978 17317311 m3 1 6.63103 7.63103

Kamiokande@66# Underground 1983 ;150 m2 3 103103 173103

MACRO @67# Underground 1989 1237739 m3 1.5a 3.23103 6.53103

Super-Kamiokande@68# Underground 1996 ;1200 m2 1.6 1.93103 5.03103

Baikal NT-96 @69# Underwater 1996 ;1000 m2 10 153103

AMANDA B-10 @70# Under-ice 1997 ;1000 m2b ;25 443103b

Baikal NT-200@69# Underwater 1998 ;2000 m2 ;10
AMANDA II @71# Under-ice 2000 ;33104 m2 ;50
NESTORc @72# Underwater 2000 ;104 m2d few
ANTARES @73# Underwater 2003 ;23104 m2d ;5 –10
IceCube@71# Under-ice 2003-8 ;106 m2

a2 GeV for Sun.
bHard spectrum,mx5100 GeV.
cOne tower.
dEm;100 GeV.
4-7
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lose 0.26 GeVper meter in water and ice, neutrino telesco
requiring track lengths of;100 m will have thresholds o
order ;25 GeV. The dependence on threshold energy
been studied in Refs.@74,18#, where it was found that for
threshold energies ofEm

thr; 1
4 mx to 1

6 mx , the loss of signal is
substantial. Low threshold energies in neutrino telesco
are clearly very important for dark matter detection. Th
conclusion is further strengthened by considerations of n
ralness, which favor low neutralino masses.

IV. PHOTONS

High-energy photons provide a unique signal of dark m
ter annihilation. They point back to their source, and th
energy distribution is directly measurable, at least in pr
ciple. For these reasons, given sufficient angular and en
resolution in gamma ray detectors, a variety of signals m
be considered.

The photon signal may arise from the galactic center@75–
77#, the galactic halo@78,79# , or even from extra-galactic
sources@20#. We will consider the galactic center, whe
large enhancements in dark matter density are poss
@19,80#. In contrast to the neutrino signal considered in S
III, the photon flux is highly sensitive to halo model param
eters. Fortunately, the problem may be separated into
parts: one containing all halo model dependence, and
other all particle physics uncertainties. Given the predic
photon fluxes for a reference halo model, the predictions
all other halo models are then easily determined.

The photon energy distribution receives two types of c
tributions: line and continuum. The former results from t
loop-mediated processesxx→gg @81,82# and xx→gZ
@83#. Because dark matter in the halo is extremely no
relativistic, photons from these processes have an en
width of only DEg /Eg;1023 and are effectively mono
energetic. While this signal would be the most spectacula
all possible indirect signals, its rates are, of course, s
pressed@84#. In a model-independent survey, Bergstro¨m, Ul-
lio, and Buckley@19# have found that the photon line may b
observable for neutralinos with a large Higgsino compone
assuming a cuspy halo profile, such as that of Nava
Frenk, and White@85#, and telescopes with small angul
acceptances;1025 sr.

On the other hand, photons may also be produced in
cascade decays of other primary annihilation products
contrast to the line signal, cascade decays produce a l
flux of photons with a continuum of energies. This signal
far less distinctive and will almost certainly require add
tional confirmation to unambiguously distinguish it fro
background or other exotic sources. Nevertheless, we
focus here on the continuum signal, as it will provide the fi
hint of dark matter from gamma ray astronomy.

The differential photon flux along a direction that form
an anglec with respect to the direction of the galactic cen
is

dFg

dVdE
5(

i

dNg
i

dE
s iv

1

4pmx
2Ec

r2dl, ~8!
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where the sum is over all annihilation channels andr is the
neutralino mass density. All of the halo model dependenc
isolated in the integral, which, following Ref.@19#, we write
in the dimensionless form

J~c!5
1

8.5 kpcS 1

0.3 GeV/cm3D 2E
c
r2dl. ~9!

The integral is along the line of sight. Assuming a spheri
halo, the mass density is given byr5r(r ), where r 25 l 2

1R0
222lR0 cosc, andR0'8.5 kpc is the solar distance t

the galactic center.
The photon flux is, of course, maximized forc50, but it

must be averaged over the field of view. The result is

Fg~Ethr!55.6310210 cm22s213(
i
E

Ethr

mx
dE

dNg
i

dE S s iv
pb D

3S 100 GeV

mx
D 2

J̄~DV! DV, ~10!

where

J̄~DV![
1

DVE
DV

J~c! dV, ~11!

and DV is the solid angle of the field of view centered o
c50. Ethr is the lower threshold energy; detectors also ha
upper cutoffs, but these are typically irrelevant, as the ene
distribution falls steeply with energy.J̄ has been studied fo
a variety of halo models in Ref.@19#. For a typical atmo-
spheric Cherenkov telescope~ACT! acceptance ofDV
51023 sr, the modified isothermal profile described b
r(r )}@11(r /a)2#21 yields 3& J̄&103. On the other hand
cuspy halos lead to values ofJ̄ as large as 105. ~Such singu-
lar profiles have recently been argued to be incompat
with neutralino dark matter, however, based on radio em
sion from neutralino annihilation near the black hole at t
galactic center@86#.! We will choose a moderate referenc
value J̄(1023)5500, which is within the allowed ranges o
both the modified isothermal and cuspy halos. The facto
ability of the photon flux implies that our results can b
scaled to all other halo models easily.

The particle physics model dependence enters through
the other factors of Eq.~8!. The energy integral is roughly
*dE dNg

i /dE;0.5 for all i, but the energy distribution de
pends significantly on the annihilation channel. The differe
tial gamma ray multiplicity has been simulated for light a
heavy neutralinos in Refs.@87# and @19#, respectively. The
spectrum for the most important annihilation channels is
scribed well bydNg /dx5a e2bx/x1.5, wherex[Eg /mx and
(a,b)5(0.73,7.76) forWW andZZ @19#, (1.0,10.7) forbb̄,
(1.1,15.1) fort t̄ , and (0.95,6.5) foruū. We neglect Higgs
boson final states, as they never have branching frac
greater than 7%. For thegg final state, we use the light quar
distribution. Our crude approximation for gluons is releva
only in isolated regions withB-ino-like LSPs where, as we
4-8
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will see, the signal is unobservable. With the exception
the irrelevant light quark distribution, theWW and ZZ dis-
tributions produce the most energetic photons.

The photon fluxFg(Ethr) is given in Figs. 11–13 for
threshold energies of 1, 10 and 50 GeV. The maximal ra
are found in the region of parameter space with mix
gaugino-Higgsino dark matter, and are insensitive to tanb.
Here branching ratios to gauge bosons are large, and
photon spectrum hard. In the rest of parameter space,bb̄ is
an important final state, andFg(Ethr) is enhanced by tanb.

In the past, the high energy photon spectrum with
GeV&Eg&300 GeV has been largely unexplored. Groun
based detectors, such as the Whipple 10m telescope,
large effective areas, but have traditionally been limited
energies above;300 GeV. Space-based detectors, such
the Energetic Gamma Ray Experiment Telescope~EGRET!,
have been sensitive to photon energies up to;20 GeV, but
are limited above this energy by their small effective ar
There has therefore been an unexplored gap at interme
energies, which happens to overlap substantially with
range of energies most favored by supersymmetric dark m
ter.

FIG. 12. As in Fig. 11, but for the photon energy thresho
Ethr510 GeV.

FIG. 11. Photon fluxFg(Ethr) in cm22 s21 from a 1023 sr cone
centered on the galactic center for a threshold energy ofEthr51

GeV. We assume halo model parameterJ̄5500. Results for other

halo models may be obtained by scaling to the appropriateJ̄ ~see
text!.
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The experimental situation is changing rapidly, howev
Currently, two heliostat arrays, STACEE and CELESTE, a
running with sensitivity in the range 20 GeV&Eg&300
GeV, and many more experiments with greatly improv
sensitivity are expected in the next few years. Upcom
experiments with sensitivity tog rays with 10 GeV&Eg
&300 GeV are listed in Table II.

An important figure of merit for the detection ofg rays
from the galactic center is the point source flux sensitivity.
compilation of previous estimates of flux sensitivities
given in Fig. 14 for EGRET, STACEE, CELESTE, ARGO
YBJ, MAGIC, AGILE, HESS@99#, AMS/g @95#, VERITAS
@97#, and GLAST@98#. The flux sensitivities for the first six
experiments are from Ref.@93#, and those for the remaining
experiments are from the references listed. The sensitivit
MAGIC assumes the availability of high quantum efficien
photosensors. The sensitivity for CANGAROO III is cu
rently being re-evaluated@100#. We have included it in ac-
cord with expectations that it will be comparable to that
HESS. The point flux sensitivities are, of course, depend

TABLE II. Some of the current and plannedg ray detector
experiments with sensitivity to photon energies 10 GeV&Eg

&300 GeV. We list each experiment’s~proposed! start date and
expectedEg coverage in GeV. The energy ranges are approxim
For experiments constructed in stages, the listed threshold ene
will not be realized initially. See the references for details.

Experiment Type Date Eg Range

EGRET @88# Satellite 1991-2000 0.02–30
STACEE @89# ACT array 1998 20–300
CELESTE@90# ACT array 1998 20–300
ARGO-YBJ @91# Air shower 2001 100–2000
MAGIC @92# ACT 2001 10–1000
AGILE @93# Satellite 2002 0.03–50
HESS@94# ACT array 2002 40–5000
AMS/g @95# Space station 2003 0.3–100
CANGAROO III @96# ACT array 2004 30–50000
VERITAS @97# ACT array 2005 50–50000
GLAST @98# Satellite 2005 0.1–300

FIG. 13. As in Fig. 11, but for the photon energy thresho
Ethr550 GeV.
4-9



al
an
s
E

a
f

t t

t b
h
a

ct

it
om
e

n
is
tt
o

ar
w

an
rg
ha
ta

ge
x-

its
n-
m-

ill
imi-
inct
an-
tic

ck-
u-
ope
ble

ul
rly

m
d or
aps
s
d
d
of

of
clei

ject
nd
ing
ese
rgy
typi-

ns
tter
ere

ver

-

-

)

ra
-

FENG, MATCHEV, AND WILCZEK PHYSICAL REVIEW D 63 045024
on the source’s location and energy spectrum. They are
subject to a variety of other experimental uncertainties
assumptions; see the references for details. A typical e
mate @97# assumes background extrapolated from EGR
data@88#, and a signal distributiondNg /dE}E22.5. Detector
efficiencies and cuts are included, and a 5s signal with at
least 10 photons is required. 50 hours of observation is
sumed for telescopes, and one year of an all sky survey
the space-based detectors. The arrow for AMS/g in Fig. 14
indicates that a published estimate exists only forEthr51
GeV, but flux sensitivity at some level can be expected ou
the detector limit of 100 GeV.

The experimental sensitivities presented clearly canno
interpreted as future dark matter discovery contours. T
neutralino signal has a different energy spectrum than
sumed, and the background in the direction of the gala
center is larger, due to the diffuseg ray emission from the
galactic disk@101#, which enhancesAB by a factor of;5
@102#. ~This last fact implies that for some halo profiles,
may be advantageous to center the field of view away fr
the galactic center. This optimization may significantly r
duce potential losses in signal significance.! In addition,
there are many ambiguities in background calibration, a
as noted above, the continuum signal is not sufficiently d
tinct for a simple excess to identify the source as dark ma
annihilation. However, the flux sensitivities of Fig. 14 d
clearly portend substantial progress in the next few ye
and can serve as rough indications of what signal levels
be detectable.

The expected fluxes for four supersymmetry models
J̄5500 are also shown in Fig. 14. Although there is a la
uncertainty from halo model dependence, it is clear t
detectable signals are possible. At present, EGRET da

FIG. 14. Integral photon fluxesFg(Ethr) as a function of thresh-
old energyEthr for A050, m.0, mt5174 GeV, and halo param

eter J̄5500. The four models have relic densityVxh2'0.15, and
are specified by (tanb,m0 ,M1/2,mx ,Rx)5(10,100,170,61,0.93)
~dotted!, (10,1600,270,97,0.77)~dashed!, (10,2100,500,202,0.88
~dot-dashed!, and (50,1000,300,120,0.96)~solid!, where all masses
are in GeV. Point source flux sensitivity estimates for seve
gamma ray detectors are also shown.~Care should be taken in com
paring these sensitivities to the predicted fluxes—see text.!
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not overly constraining, although halo models with lar
J̄;5000 are within EGRET sensitivity and may even e
plain a flattening of the spectrum. In the future, AMS/g and
AGILE will improve this sensitivity, and MAGIC may see
excesses forJ̄;500. Finally, GLAST will provide the great-
est sensitivity of all, probing halo models withJ̄ as low as
J̄;50.

If a significant excess is found in future experiments,
dark matter origin can be tested in a variety of ways. Co
firmation from other searches for dark matter or supersy
metry would be the most satisfying possibility. As we w
see in Sec. VI, the neutrino and positron signals probe s
lar models, so a coincidence of various signals is a dist
possibility. However, it has also been suggested that an
gular distribution of photons that does not follow the galac
disk and bulge may be a powerful diagnostic@19#. Also, as
the dark matter signal has a shape differing from the ba
ground, detailed likelihood fits to the photon energy distrib
tion may also be a useful tool, although far beyond the sc
of this work. It seems clear, in any case, that for reasona
halo models and supersymmetry parameters, meaningfg
ray signals in the next few years are possible, particula
with gaugino-Higgsino dark matter.

V. POSITRONS

An excess of cosmic anti-particles and anti-matter fro
dark matter annihilation may be detected in space-base
balloon-borne experiments. The positron signal is perh
the most promising@103–107#. In the past, soft anti-proton
with energies ;100 MeV have also been considere
@108,109#. However, recent work finds larger backgroun
than previously expected, complicating the identification
an anti-proton signal@110,111#. Anti-deuterium has also
been suggested as a possibility@112#.

The positron background is most likely to be composed
secondaries produced in the interactions of cosmic ray nu
with interstellar gas, and is expected to fall as;Ee1

23.1. At
energies below 10 GeV, however, this background is sub
to large uncertainties from the effects of the solar wi
@106,107#. The soft positron spectrum also varies depend
on the orbit path of the experiment. At high energies, th
effects are negligible. In addition, positrons lose ene
through a variety of processes, and so hard ones must
cally be produced within a few kpc@106,107#. For this rea-
son, the hard spectrum is relatively insensitive to variatio
in the halo profile near the galactic center. The dark ma
signal is therefore most promising at high energies, wh
the background is relatively small and well understood.

The differential positron flux is@107#

dFe1

dVdE
5

r0
2

mx
2 (

i
s ivBe1

i E dE0 f i~E0! G~E0 ,E!, ~12!

wherer0 is the local neutralino mass density, the sum is o
all annihilation channels, andBe1

i is the branching fraction to
positrons in channeli. The source functionf (E0) gives the
initial positron energy distribution from neutralino annihila

l
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PROSPECTS FOR INDIRECT DETECTION OF . . . PHYSICAL REVIEW D 63 045024
tion. G(E0 ,E) is the Green’s function describing positro
propagation in the galaxy@113# and contains all the halo
model dependence.

For the reasons mentioned above, processes yielding
positrons are by far the most important for dark matter d
covery. The ‘‘positron line’’ signal frome1e2 is helicity-
suppressed. It may be enhanced, for example, in the cas
B-ino-like LSPs if selectrons are much lighter than all oth
scalars, but this possibility is highly unmotivated. To an e
cellent approximation, then, hard positrons arise fromxx
→WW,ZZ, followed by the direct decay of gauge bosons
positrons. Assuming unpolarized gauge bosons,f is the fa-
miliar flat distribution with endpoints determined by th
gauge boson and neutralino masses. The Green’s functioG
has been modeled by Moskalenko and Strong in Ref.@107#
in a framework that consistently reproduces a wide range
observational data from anti-protons, nuclei, electrons, p
trons, and photons.

Combining all of these results, the differential positr
flux may be written as

E2
dFe1

dVdE
50.027 cm22 s21 sr21 GeV

3S r0

0.3 GeV/cm3D 2S 100 GeV

mx
D 2

3(
i

s iv
pb•b i

Be1
i E

z2
i

z1
i

dz g~z,E/mx!, ~13!

where

bWW,ZZ5~12mW,Z
2 /mx

2!1/2, ~14!

z6
i 5~16b i !/2, ~15!

Be1
WW

5B~W1→e1n!50.11, ~16!

Be1
ZZ

52B~Z→e1e2!50.067,
~17!

and the reduced Green’s function is

g~z,E/mx![10alog10
2 E1blog10E1cu~z2E/mx!

110wlog10
2 E1xlog10E1yu~E/mx2z!, ~18!

whereE is in GeV and the (z-dependent! coefficientsa,b,c
andw,x,y are tabulated in Ref.@107# for different halo pro-
files. As mentioned above, at high energies, these co
cients are fairly independent of the halo model, as high
ergy positrons originate in our solar neighborhood, where
profiles give similar densities. We adopt coefficients cor
sponding to the modified isothermal distribution with ha
size 4 kpc. For largemx , the integral of Eq.~13! is insensi-
tive to mx , and so the differential positron flux scales
;1/mx

4 . Neutralinos with mass not far abovemW are there-
fore most easily detected.
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In Fig. 15, we show three sample spectra for supersy
metry models yielding relic abundances ofVxh2'0.15. Two
background spectra from Ref.@107# are also shown. The sig
nal rates are significantly suppressed relative to those
Refs. @105,107#, where the dark matter was assumed to
Higgsino-like. Higgsino-like dark matter is highly disfa
vored, however, as, unless it is unnaturally heavy, it ann
lates too strongly to leave interesting relic abundances. A
evident from Fig. 2, in the allowed minimal supergravi
parameter space the LSP is far from pure Higgsino-like, p
ticularly in the region with preferred relic density.

As positrons result from two-body decay, we expect t
signal, and the signal to background ratioS/B, to be peaked
nearmx/2. This is evident in the three examples given in F
15. In Fig. 16, we plot the optimal energyEopt at which the
signal to background ratio is maximized. Our fit to bac
ground C isE2dFe1 /dVdE51.1631023E21.23, whereE is
in GeV. Comparing with Fig. 1, we see thatEopt is indeed
approximatelymx/2 throughout parameter space. In Fig. 1
we plot S/B at Eopt. S/B is substantial only in the gaugino
Higgsino region withmx.mW .

Figures 16 and 17 imply that the best experimental ho
for indirect detection of dark matter through positrons is

FIG. 15. The differential positron flux for three of the fou
sample points in Fig. 14. The curves labeled C and HEMN
background models from Ref.@107#; the dotted curve is our fit to C

FIG. 16. The optimal positron energyEopt in GeV at which the
signal to background ratioS/B is maximized.
4-11
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FENG, MATCHEV, AND WILCZEK PHYSICAL REVIEW D 63 045024
experiments sensitive to positron energies above;50 GeV.
In the next two to three years, both PAMELA, a satell
detector, and AMS-02, an experiment to be placed on
International Space Station, will satisfy this requireme
These experiments and other recently completed experim
are listed in Table III.

The expected number of positrons per GeV are listed
Table III at positron energies of 50 and 100 GeV. Aft
integrating over some appropriate energy bin size, we
that the expected statistical errors are roughly;10% for
PAMELA, and;1% for AMS-02. Of course, the signal wil
also be degraded by systematic errors, particularly in
background calculation. It seems likely, however, that
characteristic peaking of the dark matter signal over an
terval of O(10 GeV) will be distinctive. In addition, som
systematic errors may be eliminated by considering the r
e1/(e21e1). While the positron signal is typically too
small forB-ino-like LSPs, an excess of;1% is possible for
gaugino-Higgsino dark matter. The region of detectable p
itron signals may be extended, however, if, for example,
halo is clumpy, or if the local density is larger than o
reference value of 0.3 GeV/cm3 @106#.

VI. COMPARISON WITH OTHER SEARCHES

In the previous three sections, we have examined sev
indirect signals of neutralino dark matter. As emphasized
Sec. I, however, supersymmetric dark matter cannot exis
isolation, and there are many other avenues for probing
persymmetric models. We now discuss several other pr
ising probes and their projected sensitivities, and we t
compare their reaches.

Most closely linked to indirect searches are searches
dark matter scattering off nuclei in low-background dete
tors. The DAMA Collaboration has reported evidence for
annual modulation signal@118#, and the activity in this field
will intensify tremendously in the next few years.~For a
recent review, see, e.g., Ref.@119#.! Here we will use our
previous results@6# to estimate the sensitivities of the dire
searches. We choose CDMS~Soudan! @120# and CRESST
@121# as examples of near-term future experiments. Th
projected sensitivities in neutralino-proton cross section
both of ordersproton;1028 pb for 50 GeV&mx&500 GeV.
More precisely, we parametrize their sensitivities as
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sproton.expH a1bS mx

100 GeVD1cS mx

100 GeVD
2J pb,

~19!

with (a,b,c)5(217,24.5,3.1) for mx,84 GeV and
(219,0.68,20.057) formx.84 GeV. This limit may be im-
proved by an order of magnitude by the recently propo
GENIUS project@122#, or even by CRESST itself, assumin
three years of operation with improved background reject
@121#.

Among high energy colliders, the Large Hadron Collid
~LHC! at CERN is the ultimate supersymmetry discove
machine and will discover at least some superpartners in
of the regions of parameter space we have plotted. The L
is scheduled to begin operation in its low luminosity mode
2006. Before that, however, both the LEP II and Tevatr
colliders have a chance to discover superpartners. The m
stringent constraint from LEP II on minimal supergravi
comes from chargino searches. LEP II is now concluding
run, and by the end of 2000 will improve the curre
chargino mass limits by about 5 GeV. If no signal is se
this will marginally extend the bottom and right exclude
regions of our figures.

The Tevatron will begin operation early in 2001. In th
first two years, run IIa will provide an integrated luminosi
of 2 fb21 for each detector before a temporary shutdown
a year of detector maintenance and upgrades. In the su
quent run IIb, the data acquisition rate is expected to

FIG. 17. The positron signal to background ratioS/B at
Eopt .
TABLE III. Recent and plannede1 detector experiments. We list each experiment’s~expected! start date,
duration, geometrical acceptance in cm2 sr, maximalEe1 sensitivity in GeV, and~expected! total number of
e1 detected per GeV atEe1550 and 100 GeV.

Experiment Type Date Duration AcceptanceEe1
max dN

dE
(50)

dN

dE
(100)

HEAT94/95 @114# Balloon 1994/95 29/26hr 495 50 — —
CAPRICE94/98@115# Balloon 1994/98 18/21hr 163 10/30 — —
PAMELA @116# Satellite 2002-5 3yr 20 200 7 0.7
AMS-02 @117# Space station 2003-6 3yr 6500 1000 2300 250
4-12
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about 5 fb21 per year per detector. Hence, by 2006 we e
pect 10212 fb21 for each Tevatron collaboration. The Tev
tron supersymmetry reach has been extensively studied
cently @123#, with the conclusion that there is som
sensitivity, but in rather limited regions of parameter spa
The most effective signal is in the clean trilepton chan
@124–127# resulting from chargino-neutralino pair produ
tion, followed closely by the jets plusE” T channel@128# and
the dileptons plust jet channel@129#. The maximal reach in
chargino mass is 170 GeV in theB-ino LSP region at very
low m0, where the leptonic branching ratios of the ele
troweak gauginos are enhanced by light sleptons. This
grades rapidly at higherm0, where hadronic decays ar
prominent. It also requires moderate tanb. At large values of
tanb, decays tot leptons dominate the smallm0 region and
signatures witht jets must be used@128,129#.

At present there are no dedicated Tevatron studies in
focus point region.~For an LHC study, see Ref.@130#.!
There are several important modifications to collider sign
for m0.1 TeV. For example, the lighter chargino and ne
tralinos are more degenerate, leading to softer decay p
ucts, and their branching ratios tob quarks are enhanced b
their Higgsino component. Such issues may have a la
impact on chargino and neutralino searches at the Teva
This is an important question, but currently the Tevatr
reach in the focus point region is unknown.

While the Higgs boson is not a supersymmetric partic
supersymmetry~in its economical implementations! restricts
its mass, and so Higgs boson searches also have an impo
impact on supersymmetric models. For LEP II, the ultim
exclusion limit, barring a discovery, is expected to bemh
.115 GeV. At the Tevatron, the 3s (5s) Higgs boson dis-
covery reach for 10 fb21 is mh&100 ~120! GeV @131–133#.
The Higgs boson mass, unlike all other quantities inve
gated here, is sensitive to theA0 parameter. As the Higgs
boson mass limit rises, models with non-zeroA0, large tanb,
andm0*1 TeV are increasingly favored@22#. However, for
natural values ofA0 @22#, 100 GeV,mh,120 GeV and so
the Higgs boson will be discovered at the Tevatron at 3s,
but never at 5s.

Finally, there are many opportunities for discovering s
persymmetry in low energy experiments. These include
04502
-

re-

.
l

-
e-

e

ls
-
d-

e
n.

n

,

tant
e

i-

-
f-

fects in hadronic and leptonic flavor violation,CP violation,
proton decay, and electric and magnetic dipole mome
These are discussed more completely in Ref.@24#. Here we
will focus on two particularly robust probes:B→Xsg and
the anomalous magnetic moment of the muon.

The best current measurements ofB→Xsg from CLEO
and ALEPH can be combined in a weighted average
B(B→Xsg)exp5(3.1460.48)31024 @134#. These measure
ments will be improved at theB factories, where large
samples ofB mesons will greatly reduce statistical error
However, the uncertainty in the theoretical prediction of t
standard model,B(B→Xsg)SM5(3.2960.30)31024, is
likely to remain unchanged. By 2006, a conservative e
mate is that both theoretical and experimental uncertain
will be ;0.331024. Combining them linearly, the 2s limit
will be 2.131024,B(B→Xsg),4.531024.

The supersymmetric contribution to the muon magne
dipole moment ~MDM ! am5 1

2 (g22)m is also a robust
probe, since it involves only a few~flavor- and
CP-conserving! parameters@135#. The world average is
am

exp5(116 592 05645)310210 @136# and is consistent with
the standard model. However, once data currently be
taken is analyzed, the Brookhaven experiment E821 is
pected to reduce the uncertainty toDam;4310210 @137#. At
present, uncertainties in the standard model prediction
substantial. Assuming these can be reduced, however, a
sonable estimate for future 2s sensitivity is am

SUSY58
310210.

In Table IV we present our estimates for sensitivities th
will be achieved before the LHC begins operation. The e
periments likely to achieve these projections are also lis
Using these estimates, the reach in minimal supergravity
rameter space for each mode is given in Figs. 18 and 19
reading these figures, recall that we have assumed con
local densities in our assessment of dark matter sea
reaches. If one assumes that the local density is modul
by the thermal relic density, the dark matter reaches outs
the shaded regions should be suitably diminished. Within
shaded regions, however, our analysis applies without m
fication.

Several striking features emerge from Figs. 18 and
First, we see that, within the minimal supergravity fram
ments
TABLE IV. Constraints on supersymmetric models used in Figs. 18 and 19. We also list experi
likely to reach these sensitivities before 2006.

Observable Type Bound Experiment~s!

x̃1x̃2 Collider mx̃
6

.100 GeV LEP: ALEPH, DELPHI, L3, OPAL

x̃6x̃0 Collider See Refs.@124,127,129# Tevatron: CDF, D0

B→Xsg Low energy uDB(B→Xsg)u,1.231024 BaBar, BELLE
Muon MDM Low energy uam

SUSYu,8310210 Brookhaven E821
sproton Direct DM Eq. ~19! CDMS, CRESST, GENIUS
n from Earth Indirect DM Fm

% ,100 km22 yr21 AMANDA, NESTOR, ANTARES
n from Sun Indirect DM Fm

(,100 km22 yr21 AMANDA, NESTOR, ANTARES
g ~gal. center! Indirect DM Fg(1),1.5310210 cm22 s21 GLAST
g ~gal. center! Indirect DM Fg(50),7310212 cm22 s21 MAGIC
e1 cosmic rays Indirect DM (S/B)max,0.01 AMS-02
4-13
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work, nearly all of the cosmologically preferred models w
be probed by at least one experiment. This is strictly true
tanb510. For tanb550, some of the preferred region e
capes all probes, but this requiresM1/2*450 GeV andm0
*1.5 TeV, and requires significant fine-tuning of the ele
troweak scale. In the most natural regions, all models
which neutralinos form a significant fraction of dark matt
will yield some signal before the LHC begins operation.

Also noteworthy is the complementarity of tradition
particle physics searches and indirect dark matter searc
Collider searches require, of course, light superpartn
High precision probes at low energy also require light sup
partners, as the virtual effects of superpartners quickly
couple as they become heavy. Thus, the LEP and Teva

FIG. 18. Estimated reaches of various high-energy collider
low-energy precision searches~black!, direct dark matter searche
~red!, and indirect dark matter searches~blue! before the LHC be-
gins operation, for tanb510. The projected sensitivities used a
given in Table IV.~The LEP chargino mass bound will marginal
extend the bottom and right excluded regions and is omitted.! The
shaded regions are as in Fig. 1. The regions probed extend
curves toward the forbidden, green regions. The dark matter rea
arenot modulated by the thermal relic density. Bounds from ph
tons from the galactic center are highly halo model-dependent

assume a moderate halo profile parameterJ̄5500. ~See text.!

FIG. 19. As in Fig. 18, but for tanb550. Here theFg
1 probe is

sensitive to all of the parameter space shown and so its limit c
tour does not appear.
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reaches are confined to the lower left-hand corner, as ar
a lesser extent, the searches for deviations inB→Xsg and
am . These bounds, and all others of this type, are ea
satisfied in the focus point models with largem0, and indeed
this is one of the virtues of these models. However, in
focus point models,all of the indirect searches are max
mally sensitive, as the dark matter contains a signific
Higgsino component. Direct dark matter probes share f
tures with both traditional and indirect searches, and h
sensitivity in both regions. It is only by combining all o
these experiments, that the preferred region may be c
pletely explored.4

Finally, these results have implications for future colli
ers. In the cosmologically preferred regions of parame
space with 0.1,Vxh2,0.3, all models with charginos o
sleptons lighter than 300 GeV will produce observable s
nals in at least one experiment. This is evident for tanb
510 and 50 in Figs. 18 and 19. In Fig. 20, we vary tanb,
fixing M1/2 to 400 GeV, which roughly corresponds to 30
GeV charginos. We see that the preferred region is pro
for any choice of tanb. ~For extremely low tanb and m0,
there appears to be a region that is not probed. However,
is excluded by current Higgs boson mass limits forA050.
These limits might be evaded ifA0 is also tuned to some
extreme value, but in this case, top squark searches in ru
of the Tevatron will provide an additional constraint.!

These results imply that if any superpartners are to
within reach of a 500 GeV lepton collider, some hint
supersymmetry must be seen before the LHC begins coll
ing data. This conclusion is independent of naturalness c
siderations. While our quantitative analysis is confined

4Note that the complementarity referred to here is not the co
monly recognized one, which concerns the mass of the neutralin
is well-known that some indirect searches are effective even
LSP masses in the TeV range, well beyond the range of collid
However, such models are highly unnatural, and they have not b
considered here.

d
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FIG. 20. As in Fig. 18, but in the (m0 ,tanb) plane for fixed
M1/25400 GeV,A050, andm.0. The regions probed are towar
the green regions, except forFg

50, where it is between the two
contours. The top excluded region is forbidden by limits on t
CP-odd Higgs scalar mass.
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minimal supergravity, we expect this result to be valid mo
generally. For moderate values of tanb, if the dark matter is
made up of neutralinos, they must either be light,B-ino-like,
or a gaugino-Higgsino mixture. If they are light, chargin
will be discovered. If they areB-ino-like, light sfermions are
required to mediate their annihilation, and there will
anomalies in low energy precision measurements. And
they are a gaugino-Higgsino mixture, at least one indir
dark matter search will see a signal. For large tanb, low
energy probes become much more effective and again t
is sensitivity to all probe superpartner spectra with light
perpartners. Thus it appears, on qualitative grounds, tha
models in which the scalar masses are not widely separa
and the charginos are not extravagantly heavy, will be ac
sible prior to LHC operation.

VII. CONCLUSIONS

In this paper, we have examined a wide variety of indir
dark matter detection signals. These include neutrinos f
annihilation of dark matter in the cores of the Earth and S
continuum gamma rays from annihilation in the galactic c
ter, and positron excesses in cosmic rays from annihilatio
the local solar neighborhood. In each case, the experime
landscape will be transformed in the next few years by
periments that are running or being mounted. We have ta
lated the salient features and reaches of some of the m
promising experiments in the previous sections.

We have evaluated the prospects for dark matter detec
in the framework of minimal supergravity. This framewo
incorporates many of the most compelling features of sup
symmetry. Previously, this framework has been though
predict aB-ino-like LSP. That severely limited its utility for
dark matter studies. However, recent work has made it c
that gaugino-Higgsino mixtures and even Higgsino-li
LSPs are also quite naturally realized in minimal supergr
ity. We have been careful to include the full range of pos
bilities, with important~and positive! implications for future
dark matter searches.

Let us note in passing that in our parametrization of
perimental probes, the case of no-scale supergravity@138#,
recently revived in the context of gaugino-mediated sup
symmetry breaking@139–142#, can be regarded as the sp
cial casem050. Experimental probes of these models a
simply evaluated by restricting to them050 axis. Several
experiments, notably the trilepton Tevatron search, dir
dark matter searches, and Brookhaven experiment E821
have the power to confirm or exclude this possibility in t
near future.

We have concentrated here on discovery signals. If a
nal is confirmed, precision measurements may allow exp
ments to determine dark matter properties. For example
has been noted in the literature, the neutralino’s mass ma
determined by the angular spread of the signal in neut
telescopes. The energy spectrum of gamma rays or posit
signals may provide similar information. The gaugino-ne
may also be constrained; indeed, the existence of a sig
cant signal in itself would constitute evidence in favor
mixed gaugino-Higgsinos.
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The simplicity of minimal supergravity allows us to com
pare the reaches of a great variety of probes. We summa
by collecting several of our main conclusions:

B-ino-like dark matter leads to suppressed rates for
indirect dark matter signals. In this case, unless the n
tralino is extremely light~near current bounds!, all indirect
signals are beyond detection for the foreseeable future.

Higgsino-like dark matter cannot yield cosmologically i
teresting relic densities in a straightforward way. Studies t
assume Higgsino-like dark matter exaggerate the powe
indirect searches.

Mixed gaugino-Higgsino dark matter gives both relic de
sities in the preferred range 0.1&Vxh2&0.3 and detectable
signals. Such dark matter is naturally present in focus po
models, which are favored by low-energy constraints.

Experiments that are running or underway will transfo
the prospects for indirect dark matter detection. Among
most promising experiments are the neutrino telesco
AMANDA, NESTOR, and ANTARES; the gamma ray tele
scope MAGIC, and the satellite detector GLAST; and AM
02, the antiparticle-antimatter search aboard the Internatio
Space Station. For mixed gaugino-Higgsino dark mat
these experiments will be sensitive to nearly all models w
cosmologically interesting neutralino relic densities, and
competitive with next-generation direct search experime
such as CDMS~Soudan! and CRESST.

The various indirect searches rely on different sources
neutralino annihilation~cores of the Earth or Sun, galact
center, local solar neighborhood! and so are sensitive to dif
ferent assumptions. In addition, some signals, particula
the continuum photons, will be difficult to identify unam
biguously as a dark matter signal. Without actual data a
detailed analyses, it is difficult to make a more precise sta
ment. However, we have seen that many experiments
sensitive to the same supersymmetric models, and given
underlying uncertainties, redundancy is clearly a virtue.

Indirect searches are complementary to traditional part
searches. Separately they probe only portions of the cos
logically preferred model space. Combined, essentially
cosmologically preferred models will produce at least a h
of a signal in one of these experimentsbeforethe LHC be-
gins operation.

In minimal supergravity models with 0.1,Vxh2,0.3, if
there is no hint of supersymmetry before the LHC beg
operation, no superpartners will be within reach of a 50
GeV lepton collider. Our arguments are independent of na
ralness considerations, and their qualitative structure s
gests that similar conclusions will remain valid in alternati
frameworks.
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