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ABSTRACT

A silicon semiconductor detector near the top of the atmosphere is used to search for
strongly-interacting particles in our galactic halo. The data excludgz as the, dominaEt
component of the halo, such particles with masses between 2 GeV/c” and 10~ GeV/c™.
Comparisons are made with previously reported data taken at the Earth's surface and
underground.



The idea that our galaxy is surrounded and pervaded by a halo of
gravitationally-trapped weakly-interacting elementary particles has been discussed
extensively in the literature [1]. Most attention has been centered on candidate
particles in supersymmetric theories, where the lightest new particle is required to be
stable. If this particle is a neutral photino, scalar neutrino, or higgsino, it would be
weakly interacting and, thus, lead naturally to a dissipationless halo as implied by
galactic velocity curves [2]. 1In addition, cosmological densities near the closure

density can be generated with reasonable choices of parameters [3].

While the aforementioned particles are truly weakly interacting (low energy cross
sections on protons near 10738 cmz) it was noted by Goldberg and Hall [4] that even for
particles with cross sections in the barn range, the low density of interstellar space
makes them effectively weakly interacting (Tscatter > .‘Lol0 yr). For such strongly
interacting particles, cosmologically important densities canbe generated by assuminga
particle-antiparticle asymmetry, as is done with baryons. Possible candidate particles

have been discussed by Goodman and Witten [5] and Goldberg and Hall [4].

It is the purpose of this paper to report on a search for such particles using a
silicon semiconductor detector near the top of the atmosphere. We will also compare our
results with those from a search for weakly-interacting halo particles with a

subterranean germanium semiconductor detector [6].

The basic principle of halo particle detection, due to Goodman and Witten [5], is to
detect the energy deposited by nuclei recoiling from elastic collisions with halo
particles. For a halo particle of mass m and velocity v=gc, a nucleus of mass m will

receive a kinetic energy, T, given by:
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where 0 the center-of-mass scattering angle. For halo particles, § is near 10 (the

galactic virial velocity), so nuclear recoil energies are :in the keV range. For mh>>mt,

the maximum recoil energy (at fixed f) approaches an asymtotic value, equal to 52 keV for
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silicon (at #=10 ~). For mh << m . the maximum recoil energy rises quadratically with m -
For a given detector, this results in a minimum detectable mass determined by the maximum

halo velocity, 8 , and the minimum detectable recoil energy, T . :
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where we have assumed mn<<mt.

The actual spectrum of nuclear recoil energy is determined by the differential
scattering cross section, d¢/dT, the local halo mass density, ¢, and the halo velocity

N
distribution, £(v):

aN (4 J do R 3
——— = — | —(v,T) £f(v) v dv (3)
dTdt mh dar

For nonrelativistic halo particles, de/dT is expected to be nearly independent of T
(isotropic scattering in the center of mass) and proportional to v-2 (yielding an
energy-independent total cross section). Under these assumptions, dN/dTdt is determined
by the integral of f(-\;)/v above the minimum velocity needed to give a recoil energy T. For
purposes of illustration, we will assume that the halo velocity distribution is a
truncated Boltzmann distribution with an r.m.s. velocity of 250 km/s and a maximum
velocity of 550 km/s [7]. The Earth then moves through the halo at a velocity of 250
km/sec, giving a maximum for v of 800 km/sec. The resulting recoil energy spectra for a
silicon target and for m = 10 and .1.05 GeV/c2 are shown as the solid lines in figure 1.
(The recoil energy has been corrected for detector response; see below.) The form of the

spectrum is independent of mn, though the average T depends on rnn as in equation (1).

Integrating over T, the total scattering rate in an unshielded silicon detector is

determined by the low energy cross section, Oci1’ and by mh:

2
aN o_. 1 GeV/c 4
4 -1 sil

—=1.410°g % TR (4)
at 0.5 barn m 0.4 Gev/c” cm

The nominal values appearing in the above equation refer to the geometrical cross section
of silicon and to an estimate [B] of the total halo mass density. The halo particle mass

is, of course, unknown.

Whereas equation (2) limits the sensitivity of a given experiment to values of my
above a minimum value, equations (3) or (4) limits the sensitivity to values of a/mh above
the value where the scatter rate becomes less than the background rate due, for example,
to the ambiant radioactivity or cosmic rays. In addition, Earth-bound experiments are
limited at high cross sections and low masses by the energy loss (due to elastic colli-
sions) of halo particles as they pass through the atmosphere. For example, for a cross

section on nitrogen of 0.4 barn, the atmosphere represents about 16 scattering lengths,
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2
limiting surface experiments to masses greater than ~200 GeV/c~. Deep underground
experiments are sensitive to strongly-interacting particles with masses greater than

5
~10° Gev/cz.

Following the suggestion of Goodman and Witten, we have circumvented this problem by
using an energy spectrum (figure 1) of a 0.5 g silicon semiconductor detector taken
during a balloon flight on October 7, 1977. The detector had a resolution (FWHM) of ~150
eV at 1 keV and viewed the zenith (solid angle ~ n) though a 5 mm quartz window. At the
maximum altitude, the detector was also shielded by -~4.5 g/cm2 of atmosphere which,
combined with the quartz, makes about 0.1 of an interaction length for a cross section of
0.5 barn. The detector was shielded from below by the Eartn which effectively ranged out
strongly interacting particles of masses less than ~ 10'7 GeV/cz. During the flight, the
zenith was within 10° of the direction of the solar system's movement through the galaxy,

nearly ideal for dark matter searches.

The data shown in figure 1 are for the detector at its maximum altitude and are

consistent with the spectrum expected from passing cosmic rays. The form of the spectrum
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Figure 1 : The energy spectrum of the silicon detector at the maximum altitude during

the balloon flight. The solid curve shows the spectrum of nuclear recoils expected in a

iqs X . . 2 -

silicon detector (no shielding) due to halo particles of mass 10 GeV/c (asil =210 5

5 2 .

barn) and of mass 10~ GeV/c (asil = 1 barn). The theoretical curve has been corrected
for detector response using the theory of reference [9].
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was roughly invariant during the flight. The minimum rate occured at an altitude of ~100

m where it was about 1/5 the rate shown in figure 1.

Before comparing the spectrum of figure 1 with that predicted for nuclei recoiling
from collisions with halo particles, the energy scale must be corrected for the
difference between the electron-hole pair yield of recoiling nuclei and the yield of
X-ray photoelectrons used to calibrate the detector. This was done using the theory of
Linhard et al. [9] (their equation 5.2 and figure 9) which has been verified for silicon
at the 30% level by the experiments of Sattler [10]. The correction factor is about 4, so
the data running from 0.4 to 7.0 keV correspond to nuclear recoils between 2.0 and 20.
keV.

Predicted spectra were then generated as a function of mn and ¢ using the halo

sil

model described above. In generating the spectra, halo particles were degraded in their

passage through the residual atmosphere assuming elastic scattering with a cross section
equal to .670 .. .
qual to .67 sil

Figure 2 shows the zone in parameter space that is excluded by our data by requiring

the generated dN/dtdT be less than the measured differential rates at 100 m altitude and

at maximum altitude. No attempt was made to subtract the cosmic-ray background. The

zone's boundary at low m, ("&1 ~ 2.1 GeV/cz) is determined by equation (2) for Tmin=2 keV

Logyy (e /1 barn)

Logy (my / 1 Gev/c?)

Figure 2 : The solid line shows the region in mh_asil

balloon data. The dashed line shows the regions excluded by the detector of reference [6]

space that is excluded by the

at 4000 m.w.e.
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-3 : Cesens : .
and 5max" 2.5 10 ~. (Equation (2) also shows the sensitivity of this lower limit to the
assumed halo model ([imax) and to the efficiency of recoiling nuclei to produce
electron-hole pairs.) The zone's boundary at low asil/mn is determined by the background
rate (at 100 m altitude) and on the assumed halo density and mean velocity. More

_ -23 _-1
sil/mn =1.6 10 s

2
is determined by the shielding of the residual 4.5 g/cm” of atmosphere, and is, thus,

generally, the boundary corresponds to p<v>g . The boundary at high

o_.
d:;ndent on the assumed relationship between Oi1 and %air®

Also shown in figure 2 is the exclusion zone obtained using a 135 n':m:'l germanium
detector [6] at 4000 m.w.e. The underground curve was calculated by us using the spectrum
of reference [6] corresponding to ~100 counts/kg-day for nuclear-recoil energies between
20 and 150 keV. For simplicity, we have assumed a germanium cross section equal to 20511'
The part of the curve corresponding to low ¢ was shown in reference [6], where the authors

were concerned only with weakly-interacting particles.

As seen in figure 2, the two experiments are quite complementary and rule out a
continuous region. However, the slight overlap between them is misleading since it
depends on the assumed halo density, which is uncertain by at least a factor of two, and
may have a baryonic component. Fortunately, several surface experiments rule out the
region of overlap. For instance, silicon counters in our laboratory have background
rates of ~3 10 °s ‘kev'lg™l. This is about a factor 10 below the background in the
balloon flight (altitude = 100 m) and yields a limit on ¢/m a corresponding factor of 10
lower than that shown by the solid line in figure 2. Proportional counters used in low
level counting of Auger electrons have reached similar levels of background [11].
Caldwell et al. [12] have obtained a background level in their germanium-crystal
spectrometer that is similar to that of reference [6] but at a depth of only 500 m.w.e.
Their exclusion zone would extend to values of o/m about a factor 10 higher than that

shown by the dashed line in figure 2.

For a 1 barn cross section, the totality of the data exclude mn between 2 GeV/c2 and
.10ll GeV/cz. Extension of this limit to higher masses would require further reduction of
background by, for example, using coincidences between two germanium detectors

underground. It should be possible to reach ~J.0'1'7 Gev/c2 with this technique.
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