Search for Dark Matter Annihilation in Draco with STACEE
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For some time, the Draco dwarf spheroidal galaxy has gadriaterest as a possible source for the indirect
detection of dark matter. Its large mass-to-light ratio ael@tive proximity to the Earth provide favorable
conditions for the production of detectable gamma rays fdamk matter self-annihilation in its core.

The Solar Tower Atmospheric Cherenkov Effect ExperimeMAGEE) is an atmospheric Cherenkov tele-
scope located in Albuquerque, NM capable of detecting gamays at energies above 100 GeV. We present
the results of the STACEE observations of Draco during tHe522006 observing season totaling 10.2 hours of
livetime after cuts. We do not detect a significant gammasiggal from Draco, and place an upper limit on a

power law spectrum ofX | < 4x107% (Z) " *? ys'em™2GeV ! Assuming a smooth NFW profile

for the dark matter halo, we also derive upper limits for thess-section€ ov >) of WIMP self-annihilation.

PACS numbers: Valid PACS appear here

I. INTRODUCTION Given the inherent difficulties with both the accelerata-pr
duction and the direct detection of such a particle, an indi-
rect search method can complement other search methods.

In the flat universe described by th&”DM cosmological If the WIMPs can self-annihilate, then a signal in gamma
model, dark matter is believed to comprise 23% of the total enrays or cosmic-ray positrons could be detected in a region
ergy density of the universe [1]. Very little aboutdark reats ~ where the WIMPs have a particularly high density. Massive
known other than by its gravitational influence. Both obaerv. WIMPs would tend to accumulate at the bottom of gravita-
tional constraints and particle physics models indepetiylen tional potential wells such as galaxies, where they could un
suggest that dark matter may take the form of Weakly Interdergo self-annihilation processes. Depending on therdista
acting Massive Particles (WIMPs), a general class of dagic to the source, the dark matter distribution, the WIMP mass,
with low cross-sectionso{ < 10~%° cm?) and high masses and the branching ratios of the reaction products, a measur-
(10-1000 GeV) [2]. Since there is no Standard Model particleable flux of high energy gamma rays could result [3].
with these properties, a likely candidate is the lightestigle The Draco dwarf spheroidal galaxy has long garnered in-
of supersymmetric extensions to the Standard Model. terest as a potential source of concentrated dark mattelt$4]

high concentration of dark matter and cuspy central prdile [

and relative proximity to the EartiX ~ 75 kpc)[6] make it

a likely source of gamma rays from WIMP self-annihilation.
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ON eventgOFF eventsExcess Significance
After Time Cuty 177498 177273 225 +0.390
+ grid ratio Cut 3094 3120, -26 —0.330

TABLE I: Data summary of STACEE observations of Draco during 2005-2006 observing season, represerftifig x 10* s of livetime
including the grid-ratio cut as described in the text.

1. DATA ANALYSIS
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A. Data Selection Criteria
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Our raw background trigger rate from cosmic rays is ap-
proximately 5 Hz. In order to reduce this, we perform a grid-
ratio cut which preferentially removes hadron-inducedisho
ers. This technique has been successfully used elsewt@re [1
and our implementation is described in more detail in [11]. A
basic description of the technique is that the “smoothnefss”
shower is measured by the height-to-width rafiy (V) of the
sum of pulses from all 64 channels in the detector. This quan-
tity depends on the relative timing of each FADC trace, which
depends on the assumed impact point of the shower core (i.e.,
. ) the extrapolated shower axis). The grid-ratio cut is based o
FIG. 1: Effec_tlve_area curves for STACEE observa}tlons_ofdbra how sharply peaked th& /W distribution is as a function
The blue (solid) line represents the STACEE effective arﬂlaomt of assumed core position. Gamma-ray showers, which are
cuts, the red (dashed) line represents the STACEE effeataéaeafter .
cuts, including a grid-ratio cut. smoother anq more symmetric, are gxpected to prpduce nar-

rower H/W distributions than hadronic showers, which result
in broader, clumpier deposits of Cherenkov light. Applied t
data taken on the Crab Nebula, the grid-ratio cut improves th
detection significance from 4.8 standard deviatiar)st¢ 8.1
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the National Solar Thermal Test Facility (NSTTF) in Albu- L

querque, NM. STACEE is a wavefront-sampling atmospheriét"’Indard de_"'a“ons [12].

Cherenkov telescope which uses 64 of the mirrors in the  AS S€én in Table I, we do not detect an excess gamma-ray

NSTTF heliostat array for a total ef 2400 m? of collecting signal from Draco in our _data set. We derive an upper limit

surface. Cherenkov light from gamma ray-induced air show{r the flux from Draco given a measure of our detector re-

ers is reflected off the heliostats onto secondary mirrora on SPONSe t0 & candidate source spectrum. We discuss two possi-

tower on the south side of the field. These secondaries fd2!€ Source spectra, a power law (suggested by the gamma-ray

cus the light from each heliostat onto a single photomutip! flux from the galfa\c'uc .center[13])_and a candidate dark mat-

tube (PMTs). Pulses from the PMTs are split, with one COp);er spectrum, whlch will necessarll_y have a sharp cutoffiat t

discriminated and used in the formation of a trigger and theN€rgy corresponding to the candidate WIMP mass.

other digitized using a 1 GS/s digitizer. The trigger sedect

showers that deposit light evenly over the heliostat fielebs

a trigger favors those showers initiated by gamma rays over B. Detector Sensitivity

those resulting from charged cosmic rays, the most impbrtan

background for ST’.A‘CEE' For a more complete description of The intensity distribution of Cherenkov light as it strikae

the STACEE experiment, see [8]. ground is strongly dependent on the energy of the incoming
The basic unit of observation for STACEE is the “ON-OFF” gamma ray. Our sensitivity is also dependent on the location

pair; 28 minutes on-source and 28 minutes off-source. Botlpf the center of the shower relative to the heliostat field. We

observations view the same path across the sky in local cqse simulated showers in order to derive a measure of the de-

ordinates (altitude and azimuth), but separated by 30 @&ut tector response called the effective area, given by theymtod

in celestial coordinates (right ascension). The off-sewris-  of the probability that a shower triggers our detector wité t

servation allows for a measurement of the local backgroungrea over which the simulated showers were generated. Our

conditions. We measure the significance of a measurement ggnulations were created with the CORSIKA air shower sim-

in [9]. ulation package[14] together with our own optical ray-ingc
STACEE observations of Draco total 35 “ON-OFF” pairs, model for the heliostats, secondaries, and PMTs, and a simu-

of which 10.2 hours of livetime remain after excluding peiso  lation of the electronics [12, 15]. Figure 1 shows effectivea

with bad weather and known technical difficulties. Our datacurves for STACEE observations of Draco. Since STACEE

set is summarized in Table I. has an energy-dependent response, our sensitivity to a give



source depends on its energy spectrum. STACEE's energy
threshold is defined as the peak of the response curve, as is-c10"

> E
customary in gamma-ray astronomy. & F
w‘wlO'11
5
w
C. Determining the Gamma-Ray Flux Limit §10-12

A flux limit can be found for a given source by integrating 10 STACEE

the detector response over all energies and comparingtt wit
the upper limit of our observed counts, whéygy, is given
by the 95% upper limit of the exce$éon — Norr:

10
Whipple (<0.03 Crab) T

108 | I I |

NUL =T / Aejf(E)(I)(E)dE (1) 10° 10 Energy [GeV]
0

. Ho— N —2.2
whereT is the livetime andi, ; (E) is the effective area. The FIG: 2 STACEE Flux limits for & o £~ energy spectrum as
differential flux,dN/dE = C(E), is composed of a unitless applied to Draco (blue). For comparison, also shown is thegn
' . RN .__spectrum of the Crab Nebula (green) as measured by STACEthwhi
spectral shape function which is then scaled by a normallzqé .
. . . 5 1 1 well fit by Eq. 4
tion constant with units ofy cm™= s~ GeV~—!] to match the
data.
For the data given in Table | including the grid-ratio cut,
Nur, = 138, and the resulting upper limit for ai—22 power ~ channel from self-annihilation to gamma rays. The spectrum

law is: has the form:
2. E [ E\ E
aN s ENTT ¢i(E) = ar— <—) exp [—042—} (5)
[’Y s em™2 Gevfl] where the constants; anda, depend on the decay channel of

the self-annihilation. Our upper limit will be dominatedtine

at an energy threshold of 220 GeV. Figure 2 shows a comparFhannel with the hardest spectrum, in this cagga, = 0.95
son of this limit with the published upper limit of the Whigpl andas = 6.5), since our energy threshold is similar to the

collaboration[16]. WIMP mass. _ _
We also include a measured spectrum of the Crab Nebula Starting with a general matter-density profile:
using the same observation techniques as above: s
p(r) = = No— (6)
V(14 7)o~
AN [ E —(2.240.3)
9B =(1£3)x10 (Gev) (3)  wherer = r/r, has been normalized to the scale radius and
Crab

L, . v = 1 and§ = 3 for the commonly-used NFW profile. The
[7 s” em”” GeV } self-annihilation rate goes a8, so we integrate this over vol-

) ) ~ume and divide bylrD? to get the flux at the Earth, which
where the errors listed represent the systematic unceriain  gives us:

a power-law fit to the data. The Crab is a standard-candle ) s

source for gamma-ray astronomy and this differential gnerg - Psls @
spectrum, also shown in Figure 2, agrees with other pulidishe 3D?
spectra[17][18]. The claim in [7] is that the term?7?2 is tightly constrained by
velocity dispersion measurements and is also relativelgrin
o o sitive to the inner slopey of the profile. We conservatively
D. Estimatingthe WIMP Self-Annihilation Rate use the lower bound gf2r3 ~ 10148 M% kpce—3 given there
for Draco.
In order to determine the gamma-ray flux from a dark mat- Finally, we substitute Eq. 4 into Eq. 1 and solve forv >
ter halo, we follow [7]: as a function of\/, to determine an upper limit, as shown in
Figure 3.
dN < 0oV >;
a5, = GO L D) (4)

IV. CONCLUSIONS

where, is a structure component in terms of a scale density
(ps), a scale radiusr{), and the distance to the clustép)( STACEE is a low-threshold, ground-based Atmospheric
The subscript represents the intermediate state in the decayherenkov- Telescope that carried out observations of®rac
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FIG. 3: Upper limits on the WIMP self-annihilation rate (ss
section multiplied by halo WIMP velocity) for the dark-matispec-
trum in Eq. 5 as a function oh, as applied to the STACEE Draco
observations. The dashed, colored lines represent thelmditns
of several decay channels. We exclude the area below thittdatik
line, which is the sum of the individual decay channels. Timdtlis
dominated by the hardest part of the spectrumthehannel (see
Eq. 5).
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during the 2005-06 observing season. Draco’s location and
its inferred dark matter halo make it a possible source of de-
tectable gammarays due to WIMP self-annihilation at itecor
STACEE does not detect a significant gamma-ray signal from
Draco, and so we set an upper limit of about 23% of the Crab
flux assuming a differential spectral indexef= —2.2. As-
suming a density profile for the halo and an annihilation spec
trum, we also set upper limits on cross-sections for WIMPs
whose rest-mass energy is greater than about 150 GeV. The
limits we derive do not include any “boost” factor due to sub-
structure (clumping) in the dark matter halo which may in-
crease the flux by as much as a factor of 100 [7].
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