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An ultralow background spectrometer 1s used as a detector of cold dark matter candidates from the halo of our galaxy Using a
realistic model for the galactic halo, large regions of the mass—cross section space are excluded for important halo component
particles. In particular, a halo dominated by heavy standard Dirac neutrinos (taken as an example of particles with spin-indepen-
dent Z° exchange mteractions) with masses between 20 GeV and | TeV is excluded. The local density of heavy standard Dirac
neutrinos 18 < 0.4 GeV/cm? for masses between 17.5 GeV and 2 5 TeV, at the 68% confidence level.

Galactic rotation curves suggest that most of the
matter in the universe 1s non-luminous [1]. A vari-
ety of arguments suggest that this matter may be non-
baryonic [2]. This letter discusses the use of an
ultralow background germanium spectrometer as a
detector of cold dark matter particles interacting with
Ge nuclei. Since only ">Ge, with a natural abundance
of 7.8%, has a non-zero spin, our best bounds apply
to spin-independent (s.i.) interactions. Bounds on
dark matter candidates coupling to baryons through
Z° exchange, like stable massive Dirac neutrinos [3]
and scalar neutrinos [4], are presented. Our results
exclude a halo dominated by particles with scatter-
ing cross section ¢°' =0, with masses 20 GeV
<m<1 TeV (their local density is <0.4 GeV/em?®
for 17.5 GeV <m<2.5 TeV at the 68% confidence
level) and apply to s.i. reactions in the range of
%' =107 'gyea 10 0°' 210~ ¢cm? (for which the
dark matter particles would be stopped in the earth’s
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crust before arriving at the detector) where 0. 18
the weak scattering cross section of a standard heavy
Dirac neutrino from a Ge nucleus. This range
includes neutral technibaryons, recently proposed as
dark matter candidates [5], having cross sections
=~ 100 ea, Which are, therefore, excluded for masses
larger than 16 GeV. The 73Ge in the detector with
s=9/2, allows us to obtain a bound on particles with
spin-dependent (s.d.) interactions, which case applies
to particles in the range ¢~ 10%0%%,; to 6~ 10~ cm?
(where o¢5%, corresponds to a standard heavy
Majorana neutrino).

The measurement of the nuclear recoil, due to the
scattering of heavy weakly interacting massive par-
ticles (WIMPs), requires a detector with a low energy
threshold and excellent background rejection [6-8].
In this paper, the use of a germanium diode detector
to search for dark matter is discussed. The low band
gap (0.69 eV at 77 K) and high efficiency for con-
verting electronic energy loss to electron—hole (e-h)
pairs (2.96 eV per e~h pair at 77 K) make germa-
nium detectors probably the best existing detectors
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of low velocity recoiling nuclei. Their low intrinsic
noise (=500 eV for equivalent electron energies of
order 10 keV) make them ideal for the search for the
rare phenomena considered in this paper as well as
other exotica such as neutrinoless double beta decay.

An important parameter for the interpretation of
count rates of recoiling nuclei in Ge detectors is the
relative efficiency factor (R.E.F). This is the ratio of
the number of e-h pairs produced by an incident
electron with energy, T, to the number of e-h pairs
produced by an incident Ge nucleus with the same
energy. The R.E.F. is equal to 1 only for 7> 1 MeV.
For example, a uranium nucleus with energy 6 MeV,
incident on a silicon diode, produces a signal equiv-
alent to a 2 MeV electron. This “pulse height defect”
is attributed to (i) the energy loss of the ion in the
electrode or detector dead layer; (ii) electron-hole
recombination in regions of intense energy loss
and/or poor collection of electrons; and (iii) com-

PHYSICS LETTERS B

17 September 1987

petition between electronic and nuclear stopping
powers. The first effect is not important for Ge recoils
produced internally. Since the electronic energy loss
1s small for low velocities, the second effect is also
not significant. Effect (iii) will therefore dominate
in our case.

The R.E.F. for Ge detectors was calculated by
evaluating the fraction of primary Ge recoil energy
lost in electronic collisions. The electronic energy loss
of secondary and higher order recoil nuclei was
accounted for, and current electronic and nuclear
stopping cross sections [9] have been used. Results
are shown in fig. 1 (as function of the Ge nuclei
energy recoil). The solid curve is based on the
assumption that electronic energy loss is propor-
tional to velocity at arbitrarily small velocities (1.e.
the band gap is ignored), while the dashed curve is
the result for a kinetic threshold energy of 0.27 keV
(a Ge nucleus with this energy transfers a maximum
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Fig. 1. The R.E.F. (the ratio of the number of electron hole-pairs produced by an incident electron to the number produced by a recoiling
Ge nucleus with the same energy) 1s shown as function of Ge recoil energy. The solid curve 1s based on the assumption that there is no
kinematic threshold, while the dashed curve shows the results for a kinematic recoil energy threshold of 0.27 keV The theoretical curve

1s compared to data from Chasman et al. [10].
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energy of 0.7 eV to an electron in a direct collision,
i.e. the band gap is regarded as a sharp threshold).
In this way the sensitivity of the calculations to
threshold phenomena is tested. The theoretical val-
ues were compared to data from Chasman etal. [10]
who measured e-h yields of neutron induced recoil
nuclei within a Ge detector (fig. 2). Good agreement
between the calculation and the data gives us confi-
dence that the theoretical predictions should be valid
down to several keV. A similar experiment, on sili-
con instead of Ge, by Sattler [11], and other cal-
culations of the expected response in Ge and Si, by
Linhard et al. [12], support our results. Linhard’s
calculations, which do not include higher than sec-
ond-order nuclear collisions and use older data on
cross sections, give lower values for the R.E.F. of Ge
than the present calculation, by at most 12% for
nuclear recoil energies between 20 and 100 keV.

The PNL/USC group has developed a 135 cm?
intrinsic Ge detector [13,14] having a background
reduced by about three orders of magnitude over
conventional low background gamma-ray spectrom-
eters. The detector is located in the Homestake mine
at a depth equivalent to 4000 m of water to eliminate
the cosmic ray induced background. The detector
cryostat is constructed from high-purity copper and
is surrounded by 11 tons of lead, sheet cadmium and
neutron moderator, to eliminate the radioactive
background and neutrons from the rock. The inner
shield was made from high purity copper, when the
14 d of data used in this work were taken. These data
were selected because they correspond to a period of
decreased level of mining operations in the vicinity
of the detector. This resulted in fewer microphonic
noise pulses. For this analysis, the absence of low
energy noise is more important than the quantity of
data. However, 1000 h of data are shown in fig. 2 to
better display the X-ray and y-ray peaks used for
energy calibration.

The energy threshold was reduced to an incident
electron energy of 4 keV. According to fig. 1, this
permitted the detection of Ge nuclei-WIMP scat-
terings with nuclear recoil energies greater than 15
keV. The count rates of 1000 h of low energy data
are shown in fig. 2, as function of incident electron
energy (to be multiplied by the appropriate R.E.F to
get the corresponding nuclear recoil energy). The
following photon peaks, clearly in evidence, were
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Fig. 2. 1000 h of data from the Ge spectrometer are shown The

width of each channel is 0.2 keV. The 1dentified peaks result from
the decay products of radioactivity in the exposed solder.

used to calibrate the detector: the 8.9805 keV Cu X-
ray from the electron capture of ®Zn, the 10.551 keV
Ga X-ray from the electron capture of %*Ge plus Pb-
L, the 25.2713 keV Sn K X-ray, the 46.503 keV y-
ray in 2'°Bi from the decay of 2'°Pb and the 74.969
keV Pb X-ray. The Pb and Sn X-rays came from a
solder connection in the proximity of the detector.
The Cu and Ga X-rays are sums of X-rays from all
shells, since the sources were cosmogenically created
within the crystal. Each line was fitted with a mod-
ified gaussian to obtain its centroid. Then the ratio
of the channel to energy of the peak was fitted to a
quadratic function. There is a 0.1% non-linearity. The
spectrum was then adjusted until the best fit was
achieved. The non-linearity accounts for about one
channel in one thousand. The maximum error in the
calibration at 4 keV is one half of a channel, which
is 0.1 keV.
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The observed count rate can be compared to the
rate predicted if the halo was comprised of WIMPs.
The model of the halo used assumes a local halo den-
sity of 0.01 solar mass/pc®=0.38 GeV/cm® [15], and
an isotropic (in the halo rest frame) gaussian dis-
tribution function of velocities of the halo particies,
f(p), with an RMS of 250 km/s and a maximum of
550 km/s [8]. It is assumed that the halo, slowly
rotates with a local velocity of 70 km/s [16], like the
galactic spheroid. This is a conservative assumption
which reduces relative velocities since the Sun moves
around the galaxy in the same sense, at 250 km/s; the
halo may not rotate at all. The maximum halo veloc-
ity may be higher [ 15] in which case the limits extend
to lower masses. The local halo density is known with
a factor of 2 uncertainty. The predicted rate of recoils
having energy T and producing a signal in the detec-
tor, R,(T), was calculated according to

Umax
do

R, (T)=nxAT d_T(U’ Nf(v)vd’o, (1)

vmm{T)

where AT is the range of recoil energies detected in
a given channel centered in T and ny is the local den-
sity of dark matter. Standard Dirac neutrinos were
chosen as an example of coherently interacting par-
ticles. The cross section as a function of recoil energy,
do/dT, for an incident standard Dirac neutrino (that
interacts through Z° exchange) depends upon its
mass, m,, and velocity, v, according to

d_a~G%mNc2
47 8mv?

2
T my T+ m?
X[”(I‘Ex) B ]

xexp(—mn2TR?/307%) , (2)

[Z(1—45in26y) —N]?

where my is the mass of the nucleus, Z and N are the
atomic and neutron numbers respectively, T is the
recoil energy, Gy is the weak coupling constant, v
is the weak mixing angle and E,=m,(c’>+v%/2).
When the de Broglie wavelength 1/g of the momen-
tum transfered in the recoil g= (2myT) "2, is smaller
than the nucleus, the assumption of a coherent inter-
action with a point-like nucleus is no longer valid,
and the finite size of the nucleus must be included
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[17]. The exponential in eq. (2) is a nuclear form
factor corresponding to a gaussian density distribu-
tion of nucleons, in a nucleus of radius R=1.24"3
fm, and atomic number 4 [17]. A better model of
the nucleonic density, such as a Woods-Saxon den-
sity [18], would produce a form factor decreasing
less steeply with 7. Note that for small energy trans-
fers, T< 11 keV, such that gR < 1, the WIMP inter-
acts with a point-like nucleus, and there is no loss of
coherence. The halo model used is conservative. If
the maximum halo velocity was closer to the local
escape velocity of ~750 km/s [15], the lower limit
of the excluded mass range would be 10 GeV.

The observed count rate in the germanium detec-
tor can be used to obtain limits on the density of
interacting dark matter particles in the halo. The
integral in eq. (1) was evaluated over all velocity
phase space and bounds on 7y, at the 68% and 95%
confidence levels, were obtained for every 7. The
most restrictive T dependent bounds were taken as
the final bounds on 7nx. The best bounds come from
values of T near threshold, because of the rapid
decrease of the predicted rate with increasing 7'
(notice that in the non-relativistic limit
(do/dT)NR=G6™R/T,,.., Where 6™ does not depend
on T, and for a given T one must sum over all
Twax> 1. Because of their importance in this anal-
ysis, the number of counts in the first ten channels
(of 0.2 keV each), of the 14 d of data used, starting
at 4.0 keV are given. They were respectively 4.53,
9.65, 19.38, 20.66, 15.78, 16.33, 16.84, 13.46, 12.01,
10.64. Fig. 3 shows the limits for standard heavy
Dirac neutrinos, which have s.i. Z° exchange inter-
actions. Fig. 3 can be used for other s.i. vectorial
interactions by multiplying the vertical axis by the
ratio (Ggea/0%'). For example for neutral techni-
baryons this ratio would be approximately 0.1 and
for sneutrinos this ratio is 0.5. Similar curves for s.d.
interactions will be given in a subsequent paper.
The spectrum has a smooth continuum contribution,
due mainly to Compton-scattered background y-rays.
The low energy peaks in the present data are pri-
marily due to the presence of the '°Pb decay chain,
in a solder connection in direct line-of-sight to the
surface of the detector. The solder and an indium
contact have recently been removed, and the inner
shield has been upgraded by the use of 449 y old lead
in the place of the super-pure copper, which had some
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Fig. 3. The maximum halo density of heavy standard Dirac neu-
trinos (as an example of particles with weak spin-independent
mteractions) is shown, consistent with the observed count rate,
as a function of their mass. The solid line shows the 68% confi-
dence level and the dashed line shows the 95% confidence level.
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cosmogenic radioactive contamination. In this way
the background has been reduced by about a factor
of ten at around 50 keV. The reduction of back-
ground appears to improve with decreasing energy;
however, in an attempt to reduce background from
40K, data are being acquired in the present phase with
the field-effect transistor removed from the cryostat.
This configuration increases the low energy noise
(while not reducing the *’K significantly). New data
on dark matter will not be available untill the next
phase of the experiment.

When the data for this work were taken, the energy
threshold was set at 4 keV because of microphonic
noise at lower energies. The shape of the low energy
X-ray lines suggests that AE(FWHM) =500 eV in
this region. The strong increase of noise below Ey =4
keV is largely due to microphonics engendered by
mining operations. Hardware and software have
recently been developed to reduce this noise and per-
mit lowering the energy threshold to 1 keV. In the
near future, rejection/detection of the existence of
coherently interacting particles of mass >8 GeV
should be feasible. Detection could be confirmed by
the expected modulation in the signal due to the
earth’s motion relative to the halo [8].

It will be difficult to reduce the energy threshold
below 1 keV, thus the detection of particles of lower
mass will require cryogenic detectors. The germa-
nium detector is also not sensitive to particles like
the photino that couple through s.d. weak
interactions.
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Fig. 4. The regions in mass—cross section space excluded at the
68% confidence level are shown. The halo cannot be composed
of particles that interact with nuclei through spin-independent
interactions whose coupling constant (normalized to the cou-
pling of massive Dirac neutrinos to baryons) lies above the sohd
line. Nor can the halo be composed of particles that interact with
nucler through spin-dependent interactions whose coupling con-
stant (normalized as above) lies above the dashed line.

Our main results are shown in fig. 4. The range of
mass and cross section of particles excluded as main
components of the halo are shown. The ratio g/gw is
defined as (6/0 weax) > Where Gyea 15 the cross sec-
tion for standard heavy Dirac neutrinos.

A limit on the solar axion flux has also been derived
from the USC/PNL germanium spectrometer [19].
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