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A new particle, the cosmion, has been proposed to be the dark matter of the Universe and to explain
the solar v deficit by cooling the solar core to reduce ®B v production. Such cosmions in the galactic halo

would scatter from nuclei in terrestrial detectors.

Measurements were made in Si ionization detectors in

a very-low-background environment down to energies of 1.1 keV. These results exclude nearly all of the
mass range possible for cosmions with coherent nuclear interactions.

PACS numbers: 95.30.Cq, 14.60.Gh, 14.80.Pb, 96.60.Kx

Cosmions, weakly interacting massive particles (or
WIMPs), have been proposed' to solve simultaneously
the problem of dark matter, which makes up perhaps
90% of the mass of the Universe, and the deficit of B
neutrinos from the Sun. If they exist, they would also
speed up the evolution of stars in globular clusters? and
modify the sound speed near the solar center.® There is
controversy over whether the cosmion hypothesis is com-
patible with observations, but these potentially important
particles can be searched for directly. As the Earth
moves through the pervading sea of dark matter, cos-
mions would scatter? from the nuclei of ionization detec-
tors, giving a detectable signal if the energy threshold
and backgrounds are sufficiently low. Ge detectors pro-
vide some limits® on cosmions, but Si detectors should
have greater sensitivity.® The lighter nucleus gives a
larger recoil energy, more of that energy goes into ion-
ization, and Si detectors have lower energy thresholds.
These advantages were such that a small quantity of un-
selected Si with relatively large backgrounds produced
the very useful results reported here.

In this experiment an array of four planar Si detectors
was mounted on a single-crystal Si cold finger (4 mm
thick) to maintain the detectors near liquid-nitrogen
temperature. The detectors and cold finger were en-
closed in an electroformed Cu (0.25-mm wall thickness)
vacuum cryostat evacuated with ion pumps. Each Li-
drifted Si detector had a sensitive region with a diameter
of 34 and 8-mm thickness, giving an active mass of 17 g.
This array was mounted inside the cavity formed by ten
blocks of Nal of 15-cm thickness initially used for a
search for neutrinoless double-g decay’ of ®Ge. Two of
the original eight germanium detectors remained in
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place. The Nal anticoincidence shield had a threshold of
30 keV and was in turn inside a very pure Pb shield of
20-cm thickness. The cold finger passed through a nar-
row slot in the shield, placing only detectors inside the
shield in such a way that they had no line of sight to the
outside. The whole apparatus was under an overburden
of 600 m of water equivalent in the powerhouse of the
Oroville, California dam.

The pulse heights and arrival times of signals from all
the detectors were recorded and analyzed off-line. Data
from only the one Si detector with the lowest threshold
and background were used here. Its energy spectrum,
calibrated against known photopeaks, is shown in Fig. 1.
These data were filtered to eliminate events in the Si
detectors coincident with counts in any other detector
and events attributed to microphonics because bursts of
two or more events occurred within 2 s. Complete
records of about 2000 events were rejected whenever
more than four burst rejections occurred in that record.

In Fig. 1 the Gaussian electronic noise (6 =0.22 keV)
gives an effective threshold of — 1.1 keV, which is about
3 times lower than obtained with Ge.> The background,
however, is an order of magnitude higher than in the
same mass of Ge, since no effort was made to obtain
low-radioactivity Si. The background includes B-decay
spectra from *H (18.6 keV, 12.3 yr), 3*Si (225 keV, 104
yr), and 2'°Pb (63.1 keV, 22.3 yr). The *H is a spalla-
tion product which was produced in the Si when it was
above ground and bombarded by cosmic rays. The pres-
ence of *’Si at a rate of about 300 counts/kgday indi-
cates that the Si was obtained from surface sand, since
32Si is produced in the atmosphere (by cosmic rays in-
teracting with Ar) and subsequently falls to the surface
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FIG. 1. Low-energy region of the ionization detected in a Si

counter for 3.7 kgdays of data. Fits are shown with no dark
matter and with addition of signals due to masses of 4 or 10
GeV/c? with cross sections on the exclusion contour of Fig. 2.

of the Earth.

The measured energy spectrum has been compared to
that expected from a dark-matter particle to set limits on
that particle’s mass M and cross section do/dT on sil-
icon. The expected spectrum of recoil energy 7 is

4N =Lf do 3

D=L furwmLZae, )
where p is the local halo density (0.3 GeV/c’cm?® or
5%107% g/cm?), and f(v) is the distribution of dark-
matter velocities in the Earth’s frame, assumed to be

=3 v |2
flv)= #J exp[—3—|v£-—2£J, )
'rms Urms

where the Earth’s velocity |vg| =230 km/s. Assump-
tions are that the total cross section is independent of the
relative Earth-particle velocity v and do/dT is isotropic
in the center of mass.® Values for v,ms will be discussed
below.

To compare this calculated spectrum with that ob-
served requires converting (1) to the ionization signal
spectrum, or equivalent electron energy. Since at low
energy Si recoils ionize inefficiently compared to elec-
trons, it is necessary to know how the ionization varies
with recoil energy. Because an adequate calibration of
this ionization efficiency as a function of energy had not
been made, a separate experiment was required. Using
those results, which will appear elsewhere,® the probabil-
ity that a given recoil energy would produce a certain
ionization signal was convolved with the recoil spectrum
from (1).

Comparison of the observed spectrum and that pre-
dicted for dark-matter particles resulted in the exclusion
plot of Fig. 2, where it was assumed for each value of the
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FIG. 2. Exclusion plots for two values of the velocity of
dark-matter particles as functions of their mass and elastic
cross section on Si. Coherently scattering cosmions are expect-
ed to lie within the dashed lines, if they are to solve the solar-
neutrino problem.

mass that only that particle is responsible for the galactic
halo density. Masses and cross sections on Si above and
to the right of the solid line are excluded. The exclusion
contour was obtained by two different maximum-
likelihood procedures. One used the region (1.1-1.5
keV) most sensitive to light particles by fitting that small
region with a straight line, then adding the dark-matter
signal to the fit (allowing the parameters of the “back-
ground” line to change but not become negative) until
the fit could be rejected at a confidence level of 95%.
The second employed a fit to the data up to 225 keV,
with shapes of known backgrounds (such as the electron-
ic noise and activities like 3H, *2Si, and 2'°Pb) plus a
quadratic polynomial and an exponential. Changing that
background model, which gave a x> compatible with the
number of degrees of freedom, to a six-parameter ex-
ponential of a polynomial did not change the result.
Again, for each assumed mass, a signal was added and
the background allowed to vary until the fit over a region
sensitive to the dark matter (from 1-6 keV at 4 GeV/c?
to 1-14 keV for 10 GeV/c?) could be rejected at the
95% confidence level. If either the energy range of the
fit is increased or the known radioactivity background is
kept fixed, the limits given below are improved. The
final results of the two analyses are in close agreement.
Figure 1 shows the results of fits to the background and
of including signals from 4 and 10 GeV/c? masses with
cross sections on the exclusion contour.

The significance of Fig. 2 for cosmions will now be dis-
cussed. The original motivation for proposing cosmions
was to utilize dark matter to explain the apparent
difference'? of a factor of ~3 between the observations
of the ®B neutrinos coming from the Sun and the rate
calculated from solar models.'" The cosmion dark
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matter could scatter in the Sun, be captured, and fall in
toward the core, from which its motion to larger radii
could cool the core by the —10% needed to reduce the
flux of ®B neutrinos produced in the core. The cosmion
should be more massive than ~4 GeV/c? so that they do
not rapidly evaporate from the Sun, but less massive
than ~10 GeV/c? so that, after thermalizing, they are
not confined to such a small region near the solar center
that they are ineflicient in energy transport. Large-mass
cosmions are also too rare in the galactic halo of fixed
mass density to be captured in sufficient numbers. The
cooling and capture requirements also require the cross
section for interactions with protons or helium to be
~ 102 times the weak cross section. While their scatter-
ing region should be high, their annihilation rate must be
low and the lifetime very long to maintain an adequate
density of cosmions.

These are difficult requirements, and it is not easy to
construct in a natural way particle-physics models giving
the requisite properties. The models differ principally in
the means employed to suppress annihilation and to pro-
vide the required extra interaction. Three'>'* models
have been ruled out recently by the results from the
CERN e *e ™ collider LEP and the SLAC Linear Col-
lider," but five'®"'® remain. Generally, models survive
in which cosmions couple only to light quarks. In all of
these models the cosmion cross section on nuclei in-
creases not only by the reduced mass factor, but also
roughly as the square of the number of nucleons (A4?).
This feature, which is what is meant in this paper by
“coherent scattering,” makes detectors based on heavy
nuclei like Ge or Si sensitive to cosmions. Cosmions
more massive than 9 GeV/c? have already been excluded
by our Ge experiment,’ and the object of the present ex-
periment was to reduce the mass limit down to 4
GeV/c?, the lowest value expected at that time.

A recent calculation of the evaporation mass limit by
Gould" reaches smaller masses than had been found
previously, and this result is given by the left-hand
dashed line in Fig. 2. These dashed lines indicate the re-
gion of mass and cross-section space which could be oc-
cupied by coherently scattering cosmions if they are to
solve the solar-neutrino problem. All published, present-
ly viable cosmion models would be within this boundary.
The cross-section limits are more uncertain than the
lower mass limits. A mean cross section & of 7x10 ™3¢
cm? per baryon is optimal for cosmion capture and
thermal transport, corresponding to a mean free path of
the order of the solar radius.2® However, it is believed 2
that the range of values for & which can solve the solar-
neutrino problem is roughly 10 73-1073* cm® The
conservative limit of 10 ~** cm? was used for the upper
boundary. The lower boundary is more complicated,
since the cosmion undergoes few interactions in each or-
bit and hence is not in local thermal equilibrium with nu-
clei. A recent calculation?' of that limit for cosmions
with coherent interactions was used. It corresponds to

=107 cm? and yields a solar-neutrino count rate of
3.2 solar-neutrino units,'® near the upper limit in that
experiment. No high-mass boundary is shown,?? al-
though Press and Spergel! argue for a limit near 10
GeV/c? for & near 10 7% cm?.

To convert these solar cross-section limits to cross sec-
tions of cosmions of mass M interacting with Si, we scale
with 42 and the square of the reduced mass:

mHe+M 2[ ms, ]4. (3)

ms,+M

My

0S: = OHe {

This implies that the cosmion interacts primarily with
He, not H, and oy.=806. Since the capture and thermal
transport are mainly from He scattering, dependence on
the square of the number of protons or neutrons, instead
of 42, would change the cross section on Si by ~ 10%.
Equation (3) would not be correct if the cosmion had
spin-dependent couplings. 3

In Fig. 2 the mass-cross-section region for dark-
matter particles excluded by the present experiment is
shown by either a solid line for vms=260 km/s or a
dash-dotted line for v =300 km/s. The result is quite
dependent on this rather uncertain root-mean-square
cosmion velocity. Since v ms can be between 1.2 and 1.8
times the solar circular speed, which itself could be be-
tween 215 and 260 km/s,?* extreme values of v,ms are
260 and 470 km/s. Figure 2 displays the effect of using
the minimum possible value of 260 km/s and also a more
typical value of 300 km/s. For v.ms below 300 km/s
small regions remain for cosmions near the evaporation
masses at the extreme cross sections. The effects of
varying vrms, the halo density p, or the ionization-
efficiency calibration are shown in Table I. The value of
p is likely?® to be in the range of 0.30-0.43 GeV/c2cm?,
but changing p shifts both the exclusion boundary and
the cosmion zone, so there is little dependence on this pa-
rameter. The effects of the ionization-efficiency calibra-
tion, known to about 10%, are negligible compared to
other uncertainties. Also negligible is the effect of any
reasonable value (> 600 km/s) of an escape-velocity

TABLE 1. Variation of the cosmion mass limits (for low
mass) and cross-section limits (for high mass) with the param-
eters vrms of the Maxwellian distribution of cosmion velocities,
local halo density of dark matter p, and ratio of ionization to
recoil energy R for Si nuclei.

o=1nb o=10nb
dM [ dInems 5 GeV/c? 2.5 GeV/c?
dM /dInp 2 GeV/c? 0.5 GeV/c?
dM/dInR 3 GeV/c? 2 GeV/c?

M =10 GeV

do/dInems 0.45 nb
do/dlnp 0.54 nb
do/dInR 0.3 nb
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cutoff in the velocity distribution. At present we are
making new detectors to lower the noise threshold so as
to have sensitivity below the remaining mass region al-
lowed even for the extremes of the astrophysical parame-
ters.
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