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In most supersymmetic models, neutralino dark matter particles are predicted to accumulate in the
Galactic center and annihilate generating, among other products, gamma rays. The Energetic Gamma
Ray Experiment Telescope has made observations in this region, and is sensitive to gamma rays from
30 MeV to ~30 GeV. We have used an improved point source analysis including an energy dependent
point spread function and an unbinned maximum likelihood technique, which has allowed us to lower
the limits on gamma ray flux from the Galactic center by more than 1 order of magnitude. We find that
the present Energetic Gamma Ray Experiment Telescope data can limit many supersymmetric models
if the density of the Galactic dark matter halo is cuspy or spiked toward the Galactic center. We also
discuss the ability of the Gamma ray Large Area Space Telescope to test these models.
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L. INTRODUCTION

Observations by a variety of experiments have revealed
that a great deal of the mass of our Universe is dark and
cold [1]. Despite this growing body of evidence, we are
still ignorant of the nature of dark matter.

One of the most promising dark matter candidates is
the lightest neutralino in supersymmetric models [2]. In
most models, the lightest supersymmetric particle (LSP)
is stable by the virtue of R-parity [3]. Often, this particle
is a neutralino x°, the partner of the photon, Z-boson and
neutral higgs bosons. This candidate is attractive due to
the fact that it is electrically neutral, not colored and
naturally has the appropriate annihilation cross section
and mass to provide a cosmologically interesting relic
density.

Many methods have been proposed to search for evi-
dence of supersymmetric dark matter. These include ex-
periments which hope to measure the recoil of dark
matter particles elastically scattering off of a detector
(direct searches) [4], experiments which hope to observe
the products of dark matter annihilation (indirect
searches) and, of course, collider experiments [5].
Indirect searches include searches for neutrinos from
the Sun, Earth or Galactic center [6], positrons [7] or
antiprotons [8] from the Galactic halo and gamma rays
from the Galactic center and halo [9].

Methods of indirect detection which involve the
Galactic center depend strongly on the distribution of
dark matter in the Galaxy. At this time, there is a great
deal of debate and speculation over the merits of various
Galactic dark matter halo models. Numerical simulations
favor models with strong cusps in the central region, such
as the Navarro, Frenk, White (NFW), and Moore, et al.
models [10]. These models predict increasing dark matter
density as one approaches the Galactic center, p o« 1/r?,
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PACS numbers: 95.35.+d, 14.80.Ly, 95.85.Pw, 98.35.Jk

where 7y is 1.0 for the NFW case and 1.5 for the Moore
case.

There have been arguments made, based on observa-
tions, in the favor of flat density core models. These
distributions, although possible, are probably not capable
of producing observable signals from dark matter anni-
hilation, and are not discussed in this paper for this
reason.

Models with strong density spikes at the center of the
halo have recently received some attention [11]. In these
models, cuspy halos generate spikes as a result of adia-
batic accretion of matter into the central Galactic black
hole.

Finally, if halo distributions are clumpy, rather than
smooth, it would be possible that less dark matter would
be present in the central region, and the dark matter
signal diminished.

In this paper, we will show results for smooth, cuspy
halo distributions of the NFW and the Moore profiles.
These distributions (as well as spikey models) are espe-
cially interesting to gamma ray experiments, as they
provide signals from dark matter annihilation which ap-
pear as point sources. The angular distribution of events is
proportional to the dark matter density squared inte-
grated over the line of sight. A strongly cusped distribu-
tion produces the vast majority of the annihilation signal
in an angular region much smaller than the point spread
function of EGRET, and hence are indistinguishable from
a point source.

IL. EGRET POINT SOURCE LOCATION
ANALYSIS

EGRET, the Energetic Gamma Ray Experiment
Telescope, launched on the Compton Gamma Ray
Observatory in 1991, is sensitive to gamma rays in the
range of approximately 30 MeV to 30 GeV. During its
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operation, EGRET’s observations included an exposure of
approximately 2 X 10° cm?sec in the direction of the
Galactic center. This paper presents an analysis of only
the gamma rays >1 GeV because the continuum spec-
trum of gamma rays from neutralino annihilation peaks
at higher energies and because the point spread function
of EGRET improves with energy.

Previous searches for point sources in EGRET data,
such as the 3EG [12], used a single mean point spread
function for each observed gamma ray above 1 GeV and
spatially binned the data in square bins of sides 0.5
degrees. However, the EGRET point spread function sig-
nificantly improves with increasing gamma ray energy
with 68% of 1 GeV gamma rays reconstructed within 1.3
degrees of the true direction as compared to 68% of the
10 GeV gamma rays within 0.4 degrees. Our analysis uses
the point spread function as determined in the preflight
calibration [13] for six energy bins above 1 GeV, and does
not degrade the reconstructed gamma ray direction to the
nearest 0.5° bin. We use a spatially unbinned maximum
likelihood analysis to determine the best localization of a
point source.

A spatially unbinned likelihood analysis is analogous
to the standard binned analysis described by Ref. [14], but
the bins are infinitesimally small so that all bins have
either no events or one event. The Poisson probability of
detecting zero or one event when R events are expected is
e R or Re R, respectively. The likelihood is the product
of these Poisson probabilities for all of these infinitesimal
bins, so the logarithm of the likelihood is the sum of R
over all bins (or the total number of events predicted by
the model in the region of interest) plus the In(R) for all
bins with one event.

This logarithm of the likelihood is maximized by
adjusting the parameters in the model which gives the
value of R at all spatial coordinates. The model contains a
source plus background. The spatial extent of the source is
determined by the point spread function, and the back-
ground spatial distribution is determined from the diffuse
emission from the Galaxy as obtained from the same
model [15] used for the production of the 3EG catalog.
At higher energies, such as those discussed in this paper,
the localization of a point source is less dependent on the
shape of the diffuse background because of the narrowing
of the point spread function with increasing energy.

The events are divided into the six energy intervals for
which the point spread function was calibrated before
launch [13]. The model of the source assumes either a
power law energy spectrum or the spectral shape ex-
pected for neutralino annihilation. The spectrum is con-
volved with the effective area of EGRET which decreases
with energy E, and is proportional to E~%% from 1-
10 GeV [13] and proportional to e /E0 above 10 GeV
with Ey = 36 GeV [16]. While the point spread function
does not vary with the angle of the incident gamma ray
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with respect to the spacecraft [17], the effective area
varies slightly with changes of less than 0.07 of the power
law index. In addition the effective area above 10 GeV was
not measured by calibration, but determined later from
Monte Carlo. The analysis presented here is not affected
by changes in the effective area power law index of this
magnitude or with changes of E; by =10 GeV. This is
understandable given the limited number of gamma rays
from an individual source detected by EGRET.

In order to maximize the logarithm of the likelihood,
the normalization of the background is determined by
requiring the total number of events predicted by the
model to be the total number of events detected in the
region of interest. The region of interest is 16 square
degrees, much larger than the point spread function,
and is chosen so that the likelihood value is rather in-
sensitive to this choice.

A test statistic is determined from twice the difference
of the logarithm of the likelihood for two different
models. In order to determine the location of a point
source, the likelihood is calculated for different source
locations, and the 68%, 95%, and 99% confidence inter-
vals of the location are where the test statistic drops by
2.3, 6.0, and 9.1, respectively, from the maximum value.
In each of the six energy intervals a map of the test
statistic is computed and then all six maps are added to
give the combined test statistic. This is similar to the
method used in the 3EG catalog where four energy inter-
vals were combined to give the confidence interval.

This method was checked by a Monte Carlo with a
known source location of similar flux to the sources
examined in this paper, and the method confirmed the
appropriateness of these confidence intervals. In addition,
we tested our method on the EGRET data from the well
known Galactic sources of the Vela pulsar and the Crab
pulsar.

We found the position with maximum likelihood for
the EGRET source near the Crab pulsar to be [ =
184.52, b = —5.79. The known location of the Crab is
| = 184.56, b = —5.78 which is within the 95% confi-
dence region as determined by our analysis. The 3EG
catalog lists the location of this source as [ = 184.53, b =
—5.84, with the known location well outside of the 95%
confidence contour.

The results for the Vela pulsar are similar. We found the
maximum likelihood at [ = 263.53, b = —2.82 with a
known location of [ = 263.55, b = —2.79 again within
the 95% contour. The 3rd EGRET catalog lists Vela at [ =
263.52, b = —2.86 and the known location is well outside
of the 99% confidence contour.

When our technique is applied to the Galactic center
region, we find a point source located at [ = 0.19, b =
—0.08. The location of Sag A*, the black hole at the
dynamical center of the Galaxy, is at [ = 359.94, b =
—0.05 and is excluded as the gamma ray source beyond
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the 99.9% confidence level, see Fig. 1. We find that if this
source, modeled with a differential power law spectrum
with slope determined by the maximum likelihood tech-
nique to be —2.2, is included in the model with the diffuse
background of this region, the 95% confidence upper limit
on the number of gamma rays from a point source at the
location of Sag A* is 10 to 100 (depending on the spec-
trum of the source). By contrast, the source at [ =
0.19, b = —0.08 is a bright EGRET source of 370 gamma
rays. The identification of this source is unknown [18], but
this new localization agrees well with a postulated source
of inverse Compton gamma rays from the electrons which
create the Galactic center radio arc [19].

III. CALCULATING THE GAMMA RAY FLUX
FROM THE GALACTIC CENTER

We calculated, for a variety of supersymmetric models,
the number of events EGRET would have been expected
to have observed, as a function of the halo model. We only
consider those models which do not violate accelerator
limits [5,20], including b to s, [21] and invisible Z decay
width measurements. Furthermore, we require that the
relic density of the LSP be 0.05 < Q,Xh2 < 0.2. We cal-
culate the neutralino relic density using the full cross
section, including all resonances and thresholds, and
solving the Boltzmann equation numerically [22].
Coannihilations with charginos and neutralinos are in-
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FIG. 1 (color online). Unbinned maximum likelihood point
source analysis of the Galactic center region. 50, 68, 95, 99, and
99.9% confidence intervals on the point source position are
shown. Note that the location of Sag A* at [ = 359.95,b =
—0.05 is excluded beyond the 99.9% confidence level as the
location of the source. The 95% confidence contour of the 3EG
catalog position is shown as a circle for comparison. Also
shown are all gamma rays above 5 GeV.
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cluded. We then calculate the LSP annihilation cross
section, mass, and resulting gamma ray spectrum, for a
given halo model. The results are shown in Figs. 2 and 3.

The general supersymmetric parameter space, even for
the minimal supersymmetric standard model, consists of
more than 100 free parameters and, therefore, must be
simplified to do any practical calculations. We considered
a 7-dimensional parameter space consisting of the gau-
gino mass parameter M,, the non physical mass u, the
ratio of higgs vacuum expectation values tan/3, a univer-
sal supersymmetry (SUSY) mass scale Mgygy, the pseu-
doscalar higgs mass m,, and the couplings A, and A;,. We
varied each parameter up to 10000 except for tang,
which we varied between 1 and 50. We considered both
positive and negative values of u, A,, and A,.

We parametrized the continuum gamma ray spectrum
as a function of the LSP mass and calculated the 95%
exclusion confidence levels which could be placed by the
EGRET data. Although this parametrization can vary
depending on the annihilation properties of the LSP, we
have tested our result against a large number of SUSY
models and found that for the vast majority of cases, our
parameterization is in good agreement with the resulting
spectrum. The exclusion contour is shown in Figs. 2 and 3
as a solid line. We did not consider the yy or yZ line
emission as these are generally above the energy range
sensitive to EGRET.

We also considered the ability of the future experiment,
Gamma ray Large Area Space Telescope (GLAST), to
probe the galactic center for dark matter annihilations.
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FIG. 3 (color online). SUSY model predicted fluxes for a
Moore et al. halo profile. Also shown are the 95% confidence
upper limit of EGRET (solid line) and the expected GLAST
sensitivity (dashed line). (Blue) circles represent models with a
LSP which is more than 95% higgsino, (red) stars represent
models with a LSP which is more than 95% gaugino and
(black) x’s are models with mixed neutralinos.
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FIG. 2 (color online). SUSY model predicted fluxes for an
NFW halo profile. Also shown are the 95% confidence upper
limit of EGRET (solid line) and the expected GLAST sensi-
tivity (dashed line). (Blue) circles represent models with a LSP
which is more than 95% higgsino, (red) stars represent models
with a LSP which is more than 95% gaugino and (black) x’s are
models with mixed neutralinos.

With larger area and better angular resolution, GLAST,
will be capable of testing many more models than
EGRET. Furthermore, GLAST, with sensitivity to ener-
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gies as high as ~1 TeV, can test models with heavier LSP
neutralinos somewhat more easily than EGRET. In
Figs. 2 and 3, the expected sensitivity of GLAST, after
three years of observation, is shown as a dashed line.

IV. CONCLUSIONS

Our analysis of the EGRET data in the Galactic center
region indicates an off-center point source, excluded
beyond 99.9% as the Galactic center. Considering this
source as background, we found no evidence of a point
source at the Galactic center and determined the 95%
confidence upper limits on the flux of gamma rays as a
function of the WIMP mass. The new limit we find is more
than 1 order of magnitude below the previous limits.

We compared these limits to the flux predicted for a
variety of supersymmetric models and galactic halo mod-
els. We find that for very cuspy (or spikey) halo models,
such as the Moore et al. profile, the majority of viable
supersymmetric models are excluded by our limit. We
show that the GLASTexperiment will have the sensitivity
to further constrain the Galactic halo profile of neutralino
dark matter.

ACKNOWLEDGMENTS

This work was supported in part by a DOE Grant
No. DE-FG02-95ER40896 and NASA Grant No. NAGS5-
9712 and in part by the Wisconsin Alumni Research
Foundation.

[1] Boomerang Collaboration, P. de Bernardis et al., Nature
(London) 404, 955 (2000); S. Hanany et al., Astrophys. J.
545, LS5 (2000); A. Balbi et al., Astrophys. J. 545, L1
(2000); 558, L145(E) (2001)]; Boomerang Collaboration,
C. B. Netterfield er al, Astrophys. J. 571, 604 (2002);
C. Pryke, et al., Astrophys. J. 568, 46 (2002); Supernova
Cosmology Project Collaboration, S. Perlmutter et al.,
Astrophys. J. 517, 565 (1999); K.G. Begeman, A.H.
Broeils, and R. H. Sanders, Mon. Not. R. Astron. Soc.
249, 523 (1991); S. Burles, K. M. Nollett, J.W. Truran,
and M.S. Turner, Phys. Rev. Lett. 82, 4176 (1999);
M. Fukugita, C.J. Hogan, and P.J. Peebles, Astrophys.
J. 503, 518 (1998); M. Davis, G. Efstathiou, C.S. Frenk,
and S. D. White, Astrophys. J. 292, 371 (1985).

[2] J.R. Ellis, J.S. Hagelin, D.V. Nanopoulos, K. A. Olive,
and M. Srednicki, Nucl. Phys. B238, 453 (1984);
H. Goldberg, Phys. Rev. Lett. 50, 1419 (1983).

[3] S. Weinberg, Phys. Rev. D 26, 287 (1982); L.J. Hall and
M. Suzuki, Nucl. Phys. B231, 419 (1984); B. C. Allanach,
A. Dedes, and H. K. Dreiner, Phys. Rev. D 60, 075014
(1999).

[4] A. Bottino, V. de Alfaro, N. Fornengo, S. Mignola,
and S. Scopel, Astropart. Phys. 2, 77 (1994);

H. Baer and M. Brhlik, Phys. Rev. D 57, 567
(1998).

[5] ALEPH Collaboration, R. Barate et al, Phys. Lett. B
499, 67 (2001).

[6] 1. Silk, K. Olive, and M. Srednicki, Phys. Rev. Lett. 55,
257 (1985); E Halzen, T. Stelzer, and M. Kamionkowski,
Phys. Rev. D 45, 4439 (1992); J. L. Feng, K. T. Matcheyv,
and E Wilczek, Phys. Rev. D 63, 045024 (2001); V.
Barger, F Halzen, D. Hooper, and C. Kao, Phys. Rev.
D 65, 075022 (2002).

[7] E. A. Baltz, J. Edsjo, K. Freese, and P. Gondolo, Phys.
Rev. D 65, 063511 (2002); G.L. Kane, L.T. Wang, and
J. D. Wells, Phys. Rev. D 65, 057701 (2002).

[8] L. Bergstrom, J. Edsjo, and P. Ullio, astro-ph/9906034;
A. Bottino, E Donato, N. Fornengo, and P. Salati, Phys.
Rev. D 58, 123503 (1998).

[9] L. Bergstrom, J. Edsjo, and P. Ullio, Phys. Rev. Lett. 87,
251301 (2001); L. Bergstrom, J. Edsjo, and C.
Gunnarsson, Phys. Rev. D 63, 083515 (2001); L.
Bergstrom, P. Ullio, and J. H. Buckley, Astropart. Phys.
9, 137 (1998).

[10] J.E Navarro, C.S. Frenk, and S. D. White, Astrophys. J.
462, 563 (1996); 490, 493 (1997); B. Moore, S. Ghigna,

113007-4



LIMITS ON SUPERSYMMETRIC DARK MATTER FROM ...

[11]

[12]
[13]
[14]
[15]

[16]
[17]

[18]

[19]

E Governato, G. Lake, T. Quinn, J. Stadel, and P. Tozzi,
Astrophys. J. 524, 1.19 (1999).

G. Bertone, G. Sigl, and J. Silk, Mon. Not. R. Astron. Soc.
337, 98 (2002); P. Ullio, H.S. Zhao, and M.
Kamionkowski, Phys. Rev. D 64, 043504 (2001);
P. Gondolo and J. Silk, Phys. Rev. Lett. 83, 1719
(1999).

EGRET Collaboration, R.C. Hartman et al., Astrophys.
J. Suppl. Ser. 123, 79 (1999).

EGRET Collaboration, D. J. Thompson et al., Astrophys.
J. Suppl. Ser. 86, 629 (1993).

EGRET Collaboration, J. R. Mattox et al., Astrophys. J.
461, 396, (1996).

EGRET Collaboration, S. D. Hunter et al., Astrophys. J.
481, 205 (1997).

P. Sreekumar, et al., Astrophys. J. 494, 523, (1998).
EGRET Collaboration, J. A. Esposito et al., Astrophys. J.
123, 203 (1999).

EGRET Collaboration, H. A. Mayer-Hasselwander et al.,
Astron. Astrophys. 335, 161 (1998).

M. Pohl, Astron. Astrophys. 317, 441 (1997).

[20]

(21]

[22]

113007-5

PHYSICAL REVIEW D 70, 113007 (2004)

OPAL Collaboration, G. Abbiendi et al, Eur. Phys. J. C
14, 51 (2000); L3 Collaboration, M. Acciarri et al., Phys.
Lett. B 471, 280 (1999); ALEPH Collaboration, A.
Heister er al, Phys. Lett. B 526, 206 (2002); CDF
Collaboration, D. Acosta et al, Phys. Rev. D 65,
091102 (2002); CDF Collaboration, FE. Abe et al., Phys.
Rev. D 56, 1357 (1997); DO Collaboration, B. Abbott
et al., Phys. Rev. D 60, 031101 (1999); 63, 091102 (2001);
SUGRA Working Group Collaboration, S. Abel et al.,
hep-ph/0003154.

CLEO Collaboration, M. S. Alam et al., Phys. Rev. Lett.
74, 2885 (1995); Belle Collaboration, K. Abe et al., hep-
ex/0107065; BABAR Collaboration, L. Lista, hep-ex/
0110010; BABAR Collaboration, B. Aubert et al., hep-
ex/0207074; A.J. Buras and M. Misiak, Acta Phys. Pol.
B 33, 2597 (2002).

P. Gondolo, J. Edsjo, L. Bergstrom, P. Ullio, and E. A.
Baltz, astro-ph/0012234; http://www.physto.se/ edsjo/
darksusy/; P. Gondolo and G. Gelmini, Nucl. Phys.
B360, 145 (1991); J. Edsjo and P. Gondolo, Phys. Rev.
D 56, 1879 (1997).



