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Upper limit on TeV gamma-rays from neutralino annihilation in the
galactic center

K. Kosack and J. H. Buckley and the VERITAS collaboration
Washington University Department of Physics and MacDonnell Center for the Space Sciences, Saint Louis, MO 63130 USA

Abstract. We present results of recent observations of the The most probable neutralino mass range is from 60 GeV
galactic center (Sagittarius A*) with the Whipple High En- to ~ 1 TeV, placing much of the allowed parameter space
ergy Gamma-Ray Telescope. The new high resolution cambelow the large zenith angle energy threshold of the Whip-
era and a new data analysis technique which is re-optimizeghle gamma-ray telescope in southern Arizona (Petry et al.,
to include zenith angle corrections, provide improved sen-2001). While it is unlikely that Whipple would be able to de-
sitivity at large zenith angles. The upper limit presentedtect a neutralino annihilation signature in the most likely part
here can be used to give a new constraint on the flux ofof parameter space, we can place an upper limit on the flux
TeV gamma-rays produced by neutralino annihilation nearof gamma-rays from this process for very massive Higgsino-
the galactic center. A preliminary upper-limit on the gamma- like neutralinos. Next-generation gamma-ray telescopes will
ray line flux is1.86 - 1072 cm~2sec™!. have lower energy thresholds and better sensitivity to place
better constraints.

1 Introduction
2 Analysis Technique

Mounting evidence from Cosmic Microwave Background mea-

surements and Big Bang nucleosynthesis shows that a largene galactic center (Sagittarius A*) transits at a large zenith

fraction of the critical density of the univers@ (~ 0.3) i angle (nea0°) at the latitude of the Whipple telescope on

composed of cold, non-baryonic dark matter. The compo-\ount Hopkins. The usual Whipple analysis technique had

sition of this dark matter is unknown, but astrophysical datatg he modified to take into account the additional geometric

suggest that any weakly interacting massive particle (WIMP)tactors imposed by large zenith angle (LZA) observations.

could provide a natural explanation. The current best-guesgyhile our group is currently studying other LZA analysis

comes from Supersymmetry, a theoretical extension of thgechniques (e.g. Petry et al. (2001)), our goal was to develop

Standard Model, which predicts a new stable, weakly-interactiggimproved two-dimensional analysis technique which is

particle known as theeutralino(if R-parity is assured as in  |ess sensitive to zenith angle and to use data taken from the

the Minimal Supersymmetric Standard MojieCalculations  crab nebula at a range of zenith angles for optimization. Ap-

of the relic abundance and the mass of the neutralino suggegfying this new analysis to data from the galactic center, we

that they would also provide a natural dark matter candidatethen calculated a gamma-ray flux upper limit normalized to
Any weakly interacting, stable, massive Majorana parti- the Crab Nebula flux.

cle would have a relic density that is an appreciable frac-

tion of the closure density of the universe and would annihi-, | Zenith Angle Corrections

late to gamma-rays. Gamma-rays from annihilation may be

detectable here on Earth using atmospheric Cherenkov tele- . L . .

scopes if the halo density is sufficient and the energy thresh_Our preliminary analy3|s is identical to the current technique,

old of the telescope is low enough. Recent models of strucSxcept that the zenith angle dependence of several of the

ture formation indicate a cusp in cold dark matter halo nearStandami parameters has been taken into account using ap-

the center of the galaxy, (Bergstn, Ullio, Buckley , 1998), proximate scaling laws. The distance to the shower max-

which may produce enough gamma-rays to be detectable. imum increases with increasing zenith angle and the light
pool spreads out over a larger area on the ground. The energy

Correspondence tK. Kosack (kosack@hbar.wustl.edu) threshold of an Atmospheric Cherenkov Telescope increases
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a significant additional factor from atmospheric absorption).
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Fortunately, effective area scales in the same way, which is '

advantageous. el 1
The elliptical Cherenkov light image of a gamma-ray in- x N 1200

duced air shower can be characterized by several geometric 7 v 4 1000

parameters such as thedth, length anddistance (origi- B e aats P

na”y deﬁned by H|"aS (1985)) The pal’ametﬁmith and 0.1 012 014 016 018 0.2 022 024 026 028 0.3

width cut upper bound

length are defined as the variance of the angular distribution

of the Cherenkov image in the directions of the minor andrig. 1. Optimization curve forwidth upper limit. The optimization

major axes of the ellipse, whiléistance is defined as the data consists of 19.6 hours on-source exposure time of the Crab

angular distance from the centroid of the ellipse to the cen-nebula (42 on/off pairs) at varying zenith angles.

ter of the camera. Using first-order scaling laws, the effects

of zenith angle distortions can be effectively removed from

these parameters by several considerations. First, we assume

that the intrinsic extents(,;) of a gamma-ray shower is ap- To verify the scaling laws, we showed that the large zenith

proximately the same for all showers of the same energy, puftngle and small zenith angle distribution:ééngth andzwidth

the observed angular size of the shower (e.quttiéth and for cosmic ray showers agreed if we took the full-width at

length of the light pool) is proportional t@,; cosf. Sec- half-max value of the point spread function to b8 (close

ondly, the measured shower size—the total detected Cherenk®ihe measured value).

light—is proportional to the primary energy timess? 6 due The two-dimensional analysis must also be corrected for

to the spread of the light pool over a larger area. Finally, thezenith angle. In the standard two-dimensional analysis, the

current spectral analysi€xtended SuperCytshows that — Point-of-origin of a gammaray is calculated from the elonga-

length and width also scale as the logarithm of the energytion factor, the shower orientation and asymmetry. The dis-

which is proportional to the showetze (Mohanty et. al., tance along the axis of the ellipse from the centroid is equal

1998). to e9(1 — width/length), whereey is the elongation factor
Combining these results, and removing the effects of thecorrection due to zenith angle. The optimggwvas found to

finite pixel size of the camerarf;, ~ a/v/2, wherea is the be 1.25. Asymmetry is used to break the degeneracy in the

pixel radius) and the point spread function of the telescopeWo points of origin since showers tend to be systematically

(0pst), the measureébngth andwidth can be converted to skewed toward the true point of origin (Lessard et al., 2001).

theintrinsic length andwidth by the following equations: After applying these modifications to the data analysis,
we then re-optimized the data cut values using a set of 42
\/ (width)? — o2 — 02, on/off source pairs of twenty-eight minute runs taken of the
(width)ine = os(0) (2)  crab nebula at a range of low and high zenith angles. The
) off-source runs were used as a noise source to “pad” the on-
_ 0023 { s1ze } source data to reduce systematic effects from differences in
cos? 0 (size) on and off source star fields. An example of the optimiza-
tion curve for thewidth upper-bound cut is shown in Figure
1. The results for our zenith corrected cut valugg(tg are
\/ (length)? — Uf,sf - Ufnx shown in Table 1, which can be compared to the standard
(length)ing = cos(6) 3 SuperCuts 2001 cuts (on the non-corrected) data shown in
0.020 . [ size Table 2
cos2 6 [(size)]

Parameter ZCuts
zlength 0.125 - 0.35

From these, we can get the zenith angle corrected parame-
terszwidth, zlength, andzdistance by adding back in the

. . . . zwidth 0.06 —0.35
systematic variances in quadrature. sdistance 0.3—-95
swidth? — (Width)iznt + Ugsf + Ugix (4) zlength/size < 0.00043
) ) ) ) maz2 40
zlength® = (length)i, + opg + 0pix (5) alpha <15.0

. distance
zdistance = 7cos(9) (6) Table 1. Cut values for zenith corrected daqut9
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Parameter Cuts —————
length 0.09 — 0.26 .

width 0.05 —0.13 Q
distance 04-1.0 0
zlength/size < 0.0004 1 S| 7
marx2 40

alpha < 15.0

Table 2. SuperCuts 2001 cut values

e

With these cuts on the Crab nebula optimization data, an : i
excess 08204 events and a significance ©5.820 was ob- ‘Q ]
tained. For the subset of this data at very large zenith angle 1
(> 50°, 13 on/off pairs), an excess 881 events and signifi- @
cance ofl.70 was obtained. From the two-dimensional anal- 1
ysis, we determine a higher peak significanc®.680 (see 1
Figure 2.1), which is an indication that the two-dimensional . r e
analysis improves at large zenith angle. This is due perhaps - ¥ Ceo f
to reduced image truncation near the edge of the camera, and

hence implies a greater utility of the asymmetry and elon_Fig. 2. A de-rotated 2-d gammma-ray image of the Crab nebula at

gation parameters. Using SuperCuts 2001 on the non-.zemﬂ]érge zenith angle. The sum of 13 pairs of on/off source runs are
corrected Crab data, we get an excesz33f events and sig- shown, for a total on-source exposure time of 6 hours. The image

nificance of14.4 o for the full data set and an excess306  ghows gamma-ray excess, and the contours indicate significance.
events with3.35 o significance for the LZA subset. Some The peak 2D significance &61¢ at the center of the camera.

of the improved sensitivity could come from optimization on

the data—the same analysis on non-optimized data gives a

slightly smaller improvement. The same analysis was ap- ¢ ghservations of the Crab nebula at large zenith angle

pI|9d to anew set of 14 Crab ngbula on-source/off-source rurz7 hours on-source exposure padded with 7 hours off-source)
pairs over a large range of zenith anglés Qours on-source g4 5 rate of).347 ~/min, giving an effective collection

exposure time); these were runet used during the opti- aread’; = 1.5 10° m2. From the Sagittarius A* data
HOS : . . ,
mization process. For the crab, the excess Wdscounts we can calculate the Helene upper-limit on the ratg,4.

W_ith 7.56 o signif_igance. For compariso§uperCuts 2001 (Helene, et al, 1983). The flux upper-limit for the galactic
gives a7.0 o significance and’83 excess counts. A plot of .. teris then

the Crabnon-optimizediata is shown in Figure 3.

-1

2.2 Flux Upper Limit Calculation Fsgias = %_ 9)
eff
Given the incomplete state of simulations of the new GRAN-
ITE Ill camera and our newCuts the flux upper-limit for
the galactic center was found relative to the Crab nebula flux
. : 3 Results

The integral flux for the Crab nebula is:

Revan, Over the 2000 and 2001 observing seasd8, hours of
F(E > Etnresn) = Al (7 on-source data for Sagittarius A* was taken—a total of 19

on-source observation runs with 19 off-source runs. This
WhereR,.., is the gamma-ray rate for the Crab nebula, anddata was analyzed with our zenith-angle corrected technique
Al is the spectrally weighted effective area. The Crab neb{ZCut9. The result was a total excess b8 events and
ula flux for Eypresn = 1TeV is 2.1 + 0.2 - 107 "m 2572 —1.30 significance. A two-dimensional image of the source
(Hillas et al., 1998). At a zenith angle 66°, the peak Crab is shown in Figure 3.
nebula count rate for the Whipple telescope is 3.1 TeV (Petry Based on the Sagittarius A* data, the Helene upper limit
et al., 2001). Given the Crab spectral index of 1.49, the fluxfor the gamma-ray rate from the galactic centeri§ ~/min.

above 3.1 TeV can be found by: The flux upper-limit on gamma-rays from the galactic center
. a0 (Equation 9) is then.86 - 1072 cm~2sec™! At 3.1 TeV.
F(E>31TeV) — (2-1 10 ) (3-1 TeV) (8  (makingthe unrealistic assumption of a power-law spectrum.)
m? sec 1 TeV A better upper limit would fold the expected line profile with
Rerap the effective area curve. This work is in progress and will be

Al published in a subsequent paper.



2992

Y (deg)
Y (deg)

X (deg)

Fig. 3. A de-rotated 2-d gamma-ray image of the Crab nebula takenFig. 4. A de-rotated 2-d image of gamma-ray-like events around
at a range of zenith angles. The image is of gamma-ray excess artthe position of Sagittarius A*. The image shows gamma-ray excess
the contours show significance. The position is relative to the centeand the contours show significance. The position is relative to the
of the camera. The total on-source exposure time was 6.5 hours, inenter of the camera. The total on-source exposure time was 8.9
14 runs. The peak 2-D significancesr20 at the center of the  hours (in 19 runs). No significant excess is present at the position
camera. of Sagittarius A*.

4 Conclusions Lessard, R. W.; Buckley, J. H.; Connaughton, V.; Le Bohec, S. As-
) ] o troparticle Physics, Volume 15, Issue 1, p. 1-18. 2001
No signal was detected from the location of Sagittarius A*

with the Whipple telescope. Next-generation instruments in
the northern hemisphere such as VERITAS will have the ad-
vantage of a high sensitivity at energies above 300 GeV using
the LZA technique for the Galactic Center. HESS will have
a lower energy threshold to cover more parameter space, but
may have less sensitivity above 300 GeV for the same ob-
serving time at large zenith angles. Significant uncertainties
in dark-matter halo models and particle physics theory cur-
rently limit further conclusions.
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