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Supersymmetry may be discovered at high energy colliders, through low energy precision mea-
surements, and by dark matter searches. We present a comprehensive analysis of all available probes
in minimal supergravity. This work extends previous analyses by including the focus point branch
of parameter space and the full array of promising indirect dark matter searches. We find that
particle and astrophysical searches underway are highly complementary: each separately provides
only partial coverage of the available parameter space, but together they probe almost all models.
Cosmology does not provide upper bounds on superpartner masses useful for future colliders. At
the same time, in the cosmologically preferred region, if supersymmetry is to be observable at a 500
GeV linear collider, some signature of supersymmetry must appear before the LHC.

Weak-scale supersymmetry has consequences for a wide variety of particle physics experiments. At the same
time, it is now well-established that luminous matter makes up only a small fraction of the mass of the observed
universe [1]. Neutralinos in supersymmetry are well-motivated candidates to provide much or all of the non-
baryonic dark matter. While it is conceivable that all standard model superpartners are unstable, decaying,
for example, into gravitinos or axinos, in many model frameworks, a neutralino is the lightest supersymmetric
particle (LSP) and stable. Further, neutralino thermal relic densities of the desired amount are remarkably
generic in supergravity models [2]. If neutralinos make up a significant portion of the halo dark matter,
astrophysical searches for dark matter open up many additional avenues for the discovery of supersymmetry.

Here we summarize results of two studies of current and near future prospects for supersymmetry searches [3,
4]. We consider minimal supergravity, a simple framework that is conservative in the sense that many low
energy signals generic in supersymmetry are suppressed. This work extends previous analyses in two ways.
First, we include the focus point branch of supersymmetry parameter space [5], previously neglected. As we
will see, neutralino dark matter in the focus point region has novel properties, with strong, positive implications
for dark matter searches. Second, we consider not only collider experiments, low energy probes, and direct dark
matter searches, but also the full array of indirect dark matter searches. We find that the various searches are
highly complementary, and this comprehensive approach leads to strong conclusions that may be reached only
by considering all available experiments.

The signals we consider, the projected sensitivities, and the experiments likely to achieve them, are listed
in Table I. Conventional particle physics probes include searches at LEP and the Tevatron, the improved
measurement of the the B → Xsγ branching ratio at B factories, as well as the projected final sensitivity of the
Brookhaven gµ−2 experiment. On the astrophysics side, we consider the projected reach of detectors searching
for direct dark matter interactions, including the CDMS [6], CRESST [7] and GENIUS [8] experiments.

We also include the most promising indirect dark matter searches. In the next five years, an astounding
array of experiments will be sensitive to potential neutralino annihilation products. These include under-ice
and underwater neutrino telescopes (AMANDA [9], NESTOR [10], ANTARES [11]), which will be sensitive to muons
produced by neutrinos from relic annihilations in the cores of the Sun and Earth [12]; atmospheric Cherenkov
telescopes (STACEE [13], CELESTE [14], ARGO-YBJ [15], MAGIC [16], HESS [17], CANGAROO [18], VERITAS [19]), and
space-based γ ray detectors (AGILE [20], AMS/γ [21], GLAST [22]), which may detect gamma rays from the galactic
center [23]; and anti-matter/anti-particle experiments (PAMELA [24], AMS [25]), which may detect positrons [26],
antiprotons [27] and antideuterium [28] from the galactic halo. In many cases, these experiments will improve
current sensitivities by several orders of magnitude. The search for supersymmetric dark matter is reviewed in
a number of excellent articles [29]; see also Refs. [30, 31, 32] and the bibliographies of Refs. [3, 4].

The main results from our combined study [4] of dark matter and collider signals in supersymmetry prior to
the start of the LHC are shown in Fig. 1. The regions of cosmologically interesting relic densities are shown;
see Ref. [3] for details. A generous range is 0.025 ≤ Ωχh

2 ≤ 1, where the lower bound is the requirement that
neutralino dark matter explain galactic rotation curves and the upper bound follows from the lifetime of the
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FIG. 1: Estimated reaches of various high-energy collider and low-energy precision searches, direct dark matter searches,
and indirect dark matter searches before the LHC begins operation, for tan β = 10 (left) and tanβ = 50 (right). The
projected sensitivities used are given in Table I. The darker shaded (green) regions are excluded by the requirement
that the LSP be neutral (left) and by the LEP chargino mass limit (bottom and right). We have also delineated the
regions with potentially interesting values of the LSP relic abundance: 0.025 ≤ Ωχh

2 ≤ 1 (light-shaded, yellow) and
0.1 ≤ Ωχh

2 ≤ 0.3 (medium-shaded, light blue). The regions probed extend the curves toward the forbidden regions. The
dark matter reaches are not modulated by the thermal relic density. Bounds from photons from the galactic center are
highly halo model-dependent; we assume a moderate halo profile parameter J̄ = 500 [33]. (From Ref. [4].)

TABLE I: Constraints used in Fig. 1, and experiments likely to reach these sensitivities by 2006.

Observable Type Bound Experiment(s)

χ̃+χ̃− Collider m±χ̃ > 100 GeV LEP: ALEPH, DELPHI, L3, OPAL

χ̃±χ̃0 Collider from [34] Tevatron: CDF, DØ

B → Xsγ Low energy |∆B(B → Xsγ)| < 1.2 × 10−4 BaBar, BELLE

Muon MDM Low energy |aSUSY
µ | < 8 × 10−10 Brookhaven E821

σproton Direct DM from [35, 36] CDMS, CRESST, GENIUS

ν from Earth Indirect DM Φ⊕µ < 100 km−2 yr−1 AMANDA,NESTOR,ANTARES

ν from Sun Indirect DM Φ�µ < 100 km−2 yr−1 AMANDA,NESTOR,ANTARES

γ (gal. center) Indirect DM Φγ(1) < 1.5× 10−10 cm−2 s−1 GLAST

γ (gal. center) Indirect DM Φγ(50) < 7 × 10−12 cm−2 s−1 MAGIC

e+ cosmic rays Indirect DM (S/B)max < 0.01 AMS-02

universe. Above this shaded region, Ωh2 > 1; below, Ωh2 < 0.025. The range 0.1 ≤ Ωχh
2 ≤ 0.3, preferred by

current limits, is also shown.
Several striking conclusions follow from Fig. 1:

No Useful Upper Bounds from Cosmology. For all tan β, cosmologically interesting densities are possible
for either relatively small m0, where the dark matter is Bino-like and coannihilation effects may be relevant [37],
or in the focus point region at large m0

>∼ 1 TeV, where the dark matter contains a small but phenomeno-
logically significant Higgsino component. As is evident from Fig. 1, for all values of tan β, the cosmologically
preferred region extends to very large m0 and M1/2; discovery at near future colliders cannot be guaranteed by
cosmological arguments. The cosmologically preferred region is ultimately cutoff around M1/2 ∼ 6 TeV, but
this is far beyond the reach of the LHC and planned linear colliders.
Excellent Prospects for Combined Searches. At the same time, by combining all available searches, nearly
all of the cosmologically preferred models predict signals in at least one experiment. This is strictly true for
tan β = 10. For tan β = 50, some of the preferred region escapes all probes, but this requires M1/2

>∼ 450 GeV

and m0
>∼ 1.5 TeV, and requires significant fine-tuning of the electroweak scale. In the most natural regions,

all models with significant neutralino dark matter will yield some signal before the LHC begins operation.
Complementarity of Particle and Astrophysical Searches. Also noteworthy is the complementarity of
traditional particle physics searches and indirect dark matter searches. Collider searches require, of course, light
superpartners. High precision probes at low energy also require light superpartners, as the virtual effects of
superpartners quickly decouple as they become heavy. Thus, the LEP and Tevatron reaches are confined to
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FIG. 2: As in Fig. 1, but in the (m0, tan β) plane for fixed M1/2 = 400 GeV, A0 = 0, and µ > 0. The regions probed are

toward the green regions, except for Φ50
γ , where it is between the two contours. The top excluded region is forbidden by

limits on the CP-odd Higgs scalar mass.

the lower left-hand corner, as are, to a lesser extent, the searches for deviations in B → Xsγ and aµ. These
bounds, and all others of this type, are easily satisfied in the focus point models with large m0, and indeed
this is one of the virtues of these models. However, in the focus point models, all of the indirect searches are
maximally sensitive, as the dark matter contains a significant Higgsino component. Direct dark matter probes
share features with both traditional and indirect searches, and have sensitivity in both regions. It is only by
combining all of these experiments, that the preferred region may be explored completely.
Implications for Linear Colliders. Finally, these results have implications for future colliders. In the
cosmologically preferred regions of parameter space with 0.1 < Ωχh

2 < 0.3, all models with charginos or
sleptons lighter than 300 GeV will produce observable signals in at least one experiment. This is evident for
tan β = 10 and 50 in Fig. 1. In Fig. 2, we vary tanβ, fixing M1/2 to 400 GeV, which roughly corresponds to 300
GeV charginos. We see that the preferred region is probed for any choice of tan β. (For extremely low tan β and
m0, there appears to be a region that is not probed. However, this is excluded by current Higgs mass limits for
A0 = 0. These limits might be evaded if A0 is also tuned to some extreme value, but in this case, top squark
searches in Run II of the Tevatron [38] will provide an additional constraint.) These results imply that if any
superpartners are to be within reach of a 500 GeV lepton collider, some hint of supersymmetry must be seen
before the LHC begins collecting data. This conclusion is independent of naturalness considerations.

While our quantitative analysis is confined to minimal supergravity, we expect this result to be valid more
generally. For moderate values of tan β, if the dark matter is made up of neutralinos, they must either be
light, Bino-like, or a gaugino-Higgsino mixture. If they are light, charginos are typically also light, and can be
discovered at colliders. If the dark matter is Bino-like, light sfermions are required to mediate their annihilation,
and there will be anomalies in low energy precision measurements. And if they are a gaugino-Higgsino mixture,
at least one indirect dark matter search will see a signal. For large tan β, low energy probes become much more
effective and again there is sensitivity to all superpartner spectra with light superpartners. These conclusions are
not airtight — they may be evaded by highly split charginos and neutralinos, highly split sfermions, or enhanced
annihilation from Higgs poles. For example, in the case of highly split sfermions, one could arrange for light
staus to mediate neutralino annihilation, but very heavy smuons to suppress gµ − 2. Barring such possibilities,
however, if supersymmetry exists at the weak scale and neutralinos provide the bulk of dark matter, there are
excellent prospects for supersymmetry discovery prior to LHC operation.

Acknowledgments

The work of J.L.F. and F.W. was supported in part by the US Department of Energy under cooperative
research agreement DF–FC02–94ER40818.

[1] J. R. Primack, “Cosmological parameters,” Nucl. Phys. Proc. Suppl. 87, 3 (2000).

P309



4

[2] H. Goldberg, Phys. Rev. Lett. 50, 1419 (1983); J. R. Ellis, J. S. Hagelin, D. V. Nanopoulos and M. Srednicki, Phys.
Lett. B 127, 233 (1983).

[3] J. L. Feng, K. T. Matchev and F. Wilczek, Phys. Lett. B 482, 388 (2000) [hep-ph/0004043].
[4] J. L. Feng, K. T. Matchev and F. Wilczek, Phys. Rev. D 63, 045024 (2001) [astro-ph/0008115].
[5] J. L. Feng and T. Moroi, Phys. Rev. D 61, 095004 (2000) [hep-ph/9907319]; J. L. Feng, K. T. Matchev and T. Moroi,

Phys. Rev. Lett. 84, 2322 (2000) [hep-ph/9908309]; Phys. Rev. D 61, 075005 (2000) [hep-ph/9909334]; J. L. Feng
and K. T. Matchev, Phys. Rev. D 63, 095003 (2001) [hep-ph/0011356].

[6] R. J. Gaitskell et al., Prepared for 4th International Symposium on Sources and Detection of Dark Matter in the
Universe (DM 2000), Marina del Rey, California, 23-25 Feb 2000.

[7] M. Altmann et al., astro-ph/0106314.
[8] H. V. Klapdor-Kleingrothaus, B. Majorovits, L. Baudis, A. Dietz, G. Heusser, I. Krivosheina and H. Strecker,

hep-ph/0103082.
[9] E. Andres et al. [AMANDA Collaboration], astro-ph/9906205.

[10] E. G. Anassontzis et al. [NESTOR Collaboration], Nucl. Phys. Proc. Suppl. 85, 153 (2000).
[11] E. Carmona [ANTARES Collaboration], Nucl. Phys. Proc. Suppl. 95, 161 (2001).
[12] L. Bergstrom, J. Edsjo and P. Gondolo, Phys. Rev. D 55, 1765 (1997) [hep-ph/9607237]; Phys. Rev. D 58, 103519

(1998) [hep-ph/9806293]; A. Corsetti and P. Nath, Int. J. Mod. Phys. A 15, 905 (2000) [hep-ph/9904497].
[13] C. E. Covault et al. [STACEE Collaboration], astro-ph/0107427.
[14] M. de Naurois [CELESTE Collaboration], astro-ph/0010265.
[15] D. Martello [ARGO-YBJ Collaboration], Prepared for International Symposium on High-Energy Gamma-Ray As-

tronomy, Heidelberg, Germany, 26-30 Jun 2000.
[16] J. Cortina [MAGIC Collaboration], astro-ph/0103393.
[17] HESS Collaboration, http://www-hfm.mpi-hd.mpg.de/HESS.
[18] M. Mori [CANGAROO Collaboration], astro-ph/0106347.
[19] T. C. Weekes et al. [VERITAS Collaboration], astro-ph/0108478.
[20] A. Morselli et al., Nucl. Phys. Proc. Suppl. 85, 22 (2000).
[21] R. Battiston, M. Biasini, E. Fiandrini, J. Petrakis and M. H. Salamon, Astropart. Phys. 13, 51 (2000) [astro-

ph/9909432].
[22] H. F. Sadrozinski, Nucl. Instrum. Meth. A 466, 292 (2001).
[23] M. Urban, A. Bouquet, B. Degrange, P. Fleury, J. Kaplan, A. L. Melchior and E. Pare, Phys. Lett. B293, 149 (1992)

[hep-ph/9208255]; V. S. Berezinsky, A. V. Gurevich and K. P. Zybin, Phys. Lett. B294, 221 (1992); V. Berezinsky,
A. Bottino and G. Mignola, Phys. Lett. B325, 136 (1994) [hep-ph/9402215]; L. Bergstrom, J. Edsjo and P. Ullio,
Phys. Rev. D 58, 083507 (1998) [astro-ph/9804050].

[24] V. Bonvicini et al. [PAMELA Collaboration], Nucl. Instrum. Meth. A 461, 262 (2001).
[25] A. Barrau [AMS Collaboration], astro-ph/0103493.
[26] A. J. Tylka, Phys. Rev. Lett. 63, 840 (1989); M. S. Turner and F. Wilczek, Phys. Rev. D42, 1001 (1990); E. A. Baltz

and J. Edsjo, Phys. Rev. D 59, 023511 (1999) [astro-ph/9808243]; I. V. Moskalenko and A. W. Strong, Phys. Rev.
D60, 063003 (1999) [astro-ph/9905283].

[27] F. W. Stecker and A. J. Tylka, Ap. J. 336, L51 (1989); P. Chardonnet, G. Mignola, P. Salati and R. Taillet, Phys.
Lett. B 384, 161 (1996) [astro-ph/9606174].

[28] F. Donato, N. Fornengo and P. Salati, Phys. Rev. D 62, 043003 (2000) [hep-ph/9904481].
[29] For excellent reviews, see, e.g., M. Drees, Pramana 51, 87 (1998) [hep-ph/9804231]; F. Halzen, astro-ph/9810368;

J. R. Ellis, astro-ph/9911440; L. Bergström, Rept. Prog. Phys. 63, 793 (2000) [hep-ph/0002126].
[30] For recent calculations of the neutralino relic density, see, e.g., T. Nihei, L. Roszkowski and R. Ruiz de Austri,

JHEP 0105, 063 (2001) [hep-ph/0102308]; V. Barger and C. Kao, Phys. Lett. B 518, 117 (2001) [hep-ph/0106189];
A. B. Lahanas and V. C. Spanos, hep-ph/0106345; A. Djouadi, M. Drees and J. L. Kneur, JHEP 0108, 055 (2001)
[hep-ph/0107316].

[31] For recent work on direct detection of supersymmetric dark matter, see, e.g., A. Bottino, F. Donato, N. Fornengo and
S. Scopel, Phys. Rev. D 63, 125003 (2001) [hep-ph/0010203]; M. Drees, Y. G. Kim, T. Kobayashi and M. M. Nojiri,
Phys. Rev. D 63, 115009 (2001) [hep-ph/0011359]; M. E. Gomez and J. D. Vergados, Phys. Lett. B 512, 252
(2001) [hep-ph/0012020]; A. B. Lahanas, D. V. Nanopoulos and V. C. Spanos, Phys. Lett. B 518, 94 (2001) [hep-
ph/0107151]; J. Ellis, A. Ferstl and K. A. Olive, hep-ph/0111064.

[32] V. Barger, F. Halzen, D. Hooper and C. Kao, hep-ph/0105182; G. L. Kane, L. T. Wang and J. D. Wells, hep-
ph/0108138; E. A. Baltz, J. Edsjo, K. Freese and P. Gondolo, astro-ph/0109318; J. R. Ellis, J. L. Feng, A. Ferstl,
K. T. Matchev and K. A. Olive, astro-ph/0110225.

[33] L. Bergström, P. Ullio and J. H. Buckley, Astropart. Phys. 9, 137 (1998) [astro-ph/9712318].
[34] J. D. Lykken and K. T. Matchev, Phys. Rev. D 61, 015001 (2000) [hep-ph/9903238]; K. T. Matchev and D. M. Pierce,

Phys. Rev. D 60, 075004 (1999) [hep-ph/9904282]; Phys. Lett. B 467, 225 (1999) [hep-ph/9907505].
[35] R. W. Schnee et al. [CDMS Collaboration], Phys. Rept. 307, 283 (1998).
[36] M. Bravin et al. [CRESST Collaboration], Astropart. Phys. 12, 107 (1999) [hep-ex/9904005].
[37] J. R. Ellis, T. Falk and K. A. Olive, Phys. Lett. B 444, 367 (1998) [hep-ph/9810360]; J. R. Ellis, T. Falk, K. A. Olive

and M. Srednicki, Astropart. Phys. 13, 181 (2000) [Erratum-ibid. 15, 413 (2000)] [hep-ph/9905481].
[38] R. Demina, J. D. Lykken, K. T. Matchev and A. Nomerotski, Phys. Rev. D 62, 035011 (2000) [hep-ph/9910275].

P309


