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We show that if our galactic halo were to consist of scalar or Dirac neutrinos with mass greater
than ~ 12 GeV, capture by the Earth and subsequent annihilation would yield a large flux of neutri-
nos at the surface which could be seen in proton-decay detectors. The luminosity of Uranus pro-
vides comparable constraints. Capture in the Sun can yield supplementary information, with detect-
able signals possible for masses as low as 6 GeV for both Dirac and Majorana neutrinos, scalar neu-
trinos, and photinos. We discuss in detail the question of evaporation, on which our results and oth-
ers depend sensitively. We suggest one method of approximating evaporation rates from the Earth
and Sun and discuss potential problems with earlier estimates. Finally, we describe how particles
which avoid these constraints may still be detectable by bolometric neutrino detectors and isolate a
new method to remove backgrounds to this signal in such detectors.

The problem of how to determine what form of matter
constitutes the dark halos known to surround galaxies has
received much attention recently. Possible detection
schemes for various dark-matter candidates have been
considered,"? as well as indirect signatures which could be
present in cosmic-ray, gamma-ray, and neutrino fluxes at
the surface of the Earth.>* In this paper, we discuss other
indirect signatures of dark matter that consists of heavy,
weakly interacting particles. The neutrino flux coming
from annihilation of dark-matter particles trapped inside
the Earth is large enough to enable proton-decay detectors
to rule out scalar neutrinos or Dirac neutrinos with mass
greater than ~12 GeV. Similar fluxes could arise from
annihilations in the Sun;* by comparing the two processes
different possible forms of dark matter can be dis-
tinguished, and limits extended to ~6 GeV. We also dis-
cuss other possible effects, such as annihilations in dark-
matter atmospheres surrounding the Earth and Sun
(which could produce visible gamma rays), and annihila-
tions inside heavy planets (which could produce unaccept-
able amounts of heat). These effects appear to be less sig-
nificant. All of these results depend sensitively on esti-
mates of evaporation. Our analysis differs from earlier
work® in ways which can affect our conclusions. We dis-
cuss in detail both our approach, and the potential prob-
lems which arise in trying to approximate this nonequili-
brium problem by equilibrium or simple dynamical ap-
proximations. It would be very worthwhile to attempt a
full Monte Carlo simulation of this problem, and we are
presently investigating this possibility.

Finally, direct detection of many dark-matter candi-
dates by bolometry appears possible.”!> We describe how
the limits from indirect detection due to Solar System
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capture can be extended by these means. In particular we
point out an important new method for reducing the
background in these detectors for the signal from the
scattering of weakly interacting particles off nuclei.

We begin by quoting the rate at which the Sun or a pla-
net will trap dark-matter particles, as computed in Ref. 5:

N =(7R 2 Bpm, ~ ' N3m)" Naay /oon)

X min[1,3bm,my(m2+my?) "N 2/52)],

Rep’=2GMR /v?, (1)
O'OszNRZ/M N
Vese?=2GM /R .

In these formulas, M and R are the mass and radius of
the Sun or planet; m, is the mass of the dark-matter par-
ticle, p, its mean mass density in the Solar System, and T
its rms velocity; my is the mass of a typical nucleus off
which the particle elastically scatters with cross section
on; and a and b are numerical factors of order unity
which depend on the density profile of the Sun or planet.
For the Sun,’ 5~0.89 and bp~3.4. For the Earth, we
estimate ab~0.34 (see below), and the trapping rate is

Ng =(4.7x10"7 sec=!)(3ab)
X(po,35300“301v,32)(1+m,2/mN2)"1 ’ (2)

where m, and my are in GeV, oy =(10"** cm?oy 3,
px=(0.3 GeV/cm®) py 3, and 5=(300 km/sec)T3q0. If we
assume that the trapped particles all disappear via annihi-
lations at the center of the Earth, and not by evaporation
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(see below), we find a flux at the Earth of neutrinos of
species i:

$oi=3N;Ng /4TR? , 3)

where N; is the number of type-i neutrinos produced per
annihilation. Most of the neutrinos in this flux will be
moving directly upward; using the numerical methods
described below, we find that the fraction of neutrinos
with trajectories at the surface within five degrees of vert-
ical is approximately [1—exp(—0.032m,)], and with-
in ten degrees of vertical is approximately
[1—exp(—0.125m,)]. For a cone of half-angle five de-
grees (solid angle 0.024 sr), this gives a flux

bei=(1.9 cm~2sec™!sr~1)(3ab)
X Nipo.30N, 320300 (14 my2/my?)~!
X [1—exp(—0.032m,)] . @)

This should be compared to atmospheric background,
which for v,+%, with E,>1 GeV is predicted® to be
about

Patm~0.03 cm~%sec " Isr~! . 5

Dark-matter candidate particles can have oy as large as
1073 cm? if they weigh >5—10 GeV and they couple to
nuclei with a vector-vector interaction. This is the case
for both Dirac and scalar neutrinos; each has been sug-
gested as a dark-matter candidate.”® If the particle is a
Dirac neutrino whose left- (right-) handed part has weak
hypercharge Y, (Yg), let ¥Y=+(Y, + Yg); if the particle
is a scalar neutrino with weak hypercharge Y, let Y=Y.
Then the cross section for elastic scattering of a nonrela-
tivistic dark-matter particle off a nucleus with Z protons,
N neutrons, N=N —(1—4sin%0,)Z is (for N >>1)?

0N=%sz?zﬁzmxzmlvz(m,+m~)‘z ) (6)

For iron, which accounts for about 40% of the mass of
the Earth, the cross section is

Ope=(1.6X10"%2 cm?) ¥ m, A(m, + mg,) 2. )

Scattering cross sections for the other most common ele-
ments in the earth—silicon, magnesium, and oxygen—are
much lower, even for m, =12 GeV. (As we will see,
m, <12 GeV results in evaporation rather than annihila-
tion, and hence is not interesting.) The resulting flux of
neutrinos within five degrees of vertical is

boi=(0.38 cm~sec™'sr~!)(3ab)Y ?
X N; po.3030 " [8m,*me2(my +mg,) ™2
X (m2+mg?) 7'
X[1—exp(—0.032m,)]. (8)

This flux is plotted as a function of m, in Fig. 1, includ-
ing evaporation effect for m, <12 GeV, to be described
later. The major uncertainty concerns N;. For scalar
neutrinos, it is possible to have each annihilation event
produce a pair of neutrinos of the same species as the sca-
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FIG. 1. The flux of neutrinos in a vertical cone of half-angle
5° at the Earth’s surface in as a function of m, with
(3ab )Y2N5p0,3v300—3= 1.

lar neutrinos.® Thus if the dark matter consisted of scalar
electron neutrinos, N v, =2, all other N;=0. Alternative-

ly, if all gauge fermions were very heavy, it is possible to
have suppressed direct neutrino pair production; secon-
dary neutrinos would still be produced by weak decays of
other annihilation products. For Dirac neutrinos, annihi-
lation occurs through an intermediate Z 0 which gives
N,=N,;=~0.07 for each species of neutrino. Obviously
our predicted fluxes place strong constraints on scalar and
Dirac neutrinos as dark matter, but it is necessary to
analyze the data for each alternative in order to make de-
finite statements, since the experimental signatures of dif-
ferent neutrino species are very different.

Scalar or Dirac neutrinos, and also Majorana neutrinos
and Higgs fermions with masses > 6 GeV, are likely to be
trapped and annihilate in the Sun, resulting in potentially
observable fluxes similar to or greater than those for pho-
tinos.* Majorana fermions (i.e., neutrinos with a Majora-
na mass, massive photinos, massive Higgs fermions) all
have Y, = — Yz and hence do not scatter coherently off
nuclei. Instead, nonrelativistic Majorana fermions couple
to the spin of the nucleus. Since all common nuclei in the
Earth are spinless, the Earth will not trap significant
numbers of Majorana fermions, and thus, unlike the Sun,
cannot be used to constrain them as dark-matter candi-
dates. We also note that neutrino fluxes from the Sun due
to trapped photinos can be much larger than those quoted
in Ref. 4 if we are willing to consider smaller scalar-quark
masses (~30 GeV), and hence larger cross sections. This
would also result in a density of photinos below critical
density.

Notice that heavy (> 12 GeV) coherently scattering par-
ticles tend to give rise to a large terrestrial flux, whereas
the solar flux is most significant for lighter particles down
to 6 GeV, whether or not they interact coherently. Thus
the Earth and Sun together give complementary bounds.

We now turn to the question of the distribution of
dark-matter particles inside the Earth. We assume that
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they are described by a Boltzmann distribution inside,
with energy given by the gravitational potential energy,
and a temperature T which is some average of the interior
temperature of the Earth:’

n(r)=n.exp[ —m,&(r)/T],

’ O)
En=G [ dzM(z)/2.

Here, r is the distance from the center of the Earth, n (7)
is the number density of dark-matter particles, n, is the
number density at the center of the Earth, and M (r) is the
mass of the Earth contained within r. We use a schemat-
ic density profile for the Earth of the form

p(r)=(11.7 gem=3)(1—r/6ry), r<r,
=(5.84 gem =) [1—=(r —rg)/3(R —ry)], r>rg,

(10)
ro=3.4x10% cm,

R=6.37x108 cm .

The assumption of a Boltzmann distribution inside the
Earth is made both for reasons of simplicity and because
the average lifetime of particles in the Earth is long com-
pared to collision times. In fact as we later discuss, both
because of capture and evaporation effects, the high ener-
gy tail of the distribution may deviate from this form.
Unfortunately, it is this region which is important for es-
timating evaporation rates. Outside the Earth, we assume
that the dark-matter particles form a collisionless gas
which we divide into two components: ballistic particles,
which move on orbits which will eventually intersect the
Earth’s surface, and escaping particles, which will eventu-
ally escape to infinity, without intersecting the Earth’s
surface. We ignore here a third possibility, namely, satel-
lite particles (those which orbit the Earth without inter-
secting it), because of the lack of a physical mechanism to
populate this component. Simple analytical formulas are
known!? for the number densities of both ballistic and es-
caping particles. The number density is continuous at the
Earth’s surface. The flux of escaping particles, under
these assumptions, is!°

F=n,(T /27m,)""%(14+GMm, /RT)exp(—GMm, /RT) ,
(11)

where n; is the number density of dark-matter particles at
the surface of the Earth obtained using Eq. (9). The num-
ber density of particles escaping per unit time is this flux
times the surface area of the Earth. It is worthwhile to
pause at this time and reflect upon the validity of Eq.
(11). As mentioned above, the use of a Boltzmann distri-
bution for dark-matter particles inside the Earth implies
that one is assuming thermal equilibrium conditions and
relying on statistical, not dynamical, arguments to derive
the velocity distribution. In this regard our results for
evaporation differ from earlier estimates of Press and
Spergel. They essentially multiplied the velocity prefactor
in the first set of parentheses in Eq. (11) by an additional
suppression factor obtained by estimating the mean col-
lision time for a particle in highly eccentric orbit, which

can be long compared to the mean crossing time charac-
terized by the thermal velocity prefactor. They argued
that this time would be typical of that required to replen-
ish the Boltzmann tail. We have doubts about the validity
and consistency of this analysis. In the first place, use of
the exponential distribution implies that one is assuming
thermal equilibrium conditions in which case Eq. (11) is
valid as it stands without any additional factors. Any
nonequilibrium effects which might require (11) to be al-
tered would require changes in the whole formula includ-
ing the exponential factor which is far more important
than the prefactor. In addition, dynamical arguments ap-
propriate to collisions of particles in the mean of the dis-
tribution are not likely to be appropriate to those which
are responsible for populating the exponentially small
Boltzmann tail, which can in fact be populated by rare
events. For example, an exponentially small number of
particles will undergo more than one collision on a single
pass through the Earth or Sun, or receive much more than
the mean energy transfer in a single collision. If one is
going to go beyond the equilibrium approach and attempt
to dynamically determine the flux from the surface one
must consider such processes. Finally, in this case eva-
poration is not taking place in a vacuum, but rather
amidst a constant flux of energetic incoming particles,
which can preferentially populate the region near the
Boltzmann tail immediately upon their capture. This
could result in evaporation rates somewhat larger than our
estimates. It is also worthwhile pointing out that our re-
sults are very sensitive to the assumed temperature in the
core of the Earth, and to a lesser extent the Sun. Chang-
ing the temperature from our assumed value has a much
more significant effect than changing the prefactor dis-
cussed above.

For these reasons it would be worthwhile to do a de-
tailed numerical simulation to verify our results. We are
now investigating this possibility. This is particularly im-
portant since (a) several of the potential effects which we
will estimate to be subdominant in the Earth and Sun
could be significant if evaporation rates, and thus also the
masses susceptible to our analysis, are smaller, and (b)
smaller evaporation rates mean better mass limits. In any
case, we feel, in the absence of a detailed dynamical simu-
lation, that the thermal evaporation rate given in (11) is
the best approximation one can make.

The number of particles disappearing through annihila-
tion is much less controversial; it is given by

Nam=(0,0) [ d* n¥r), (12)

where (o,v) is the thermally averaged annihilation cross
section times relative velocity. For weakly interacting
particles with mass ~1—100 GeV, (o,v) must be about
10726 cm3 sec™! in order to end up with a critical density
of such particles left over from the big bang.”> We set
the annihilation rate plus the escape rate equal to the cap-
ture rate, and solve for n;. We find that there is a sharp
crossover from escape to annihilation as the dominant
disappearance mechanism as a function of m,. The
crossover point is relatively independent of the capture
rate and annihilation cross section; for T=4000 K, it
occurs at about 12 GeV. (We actually determine only
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m, /T in this way; for T=7000 K, which is a good upper
limit, the crossover is at 21 GeV.) Figure 2 shows the an-
nihilation and escape rates as a function of m, using the
following parameters: T =4000 K; a capture rate given
by Eq. (2) using o, as given in_Eq. (7); (o,v)=10"2%
cm?® sec™!; and pg 3 =U390=3ab=F=1.

We computed the flux of neutrinos reaching a point R
on the surface of the Earth by integrating n*(r)/
4r | r—R | % over all space. The result reproduces the ap-
proximation of Eq. (3) to within a few percent. Integrat-
ing only over an appropriate cone gives the last factor in
Eq. (4). We also considered the flux of particles produced
in annihilations which occur above the surface. Any gam-
ma rays produced in these annihilations would be visible.
This flux has a sharp peak as a function of m, at the
crossover point; for the parameters given previously, the
maximum value was (4X10~"7 cm~%sec™!)N,. This is
well below the isotropic gamma-ray background. We did
a similar calculation for the Sun, using an n =3 polytro-
pic model for the interior; the flux due to external annihi-
lations peaked at (5X 10~ cm~2sec™!)N y at a crossover
point of m,~6 GeV. It is easy to understand why exter-
nal annihilation rates peak at the crossover mass. For
smaller masses, particles escape as fast as they are cap-
tured, and a large number density excess never accumu-
lates. For larger masses, all the particles sink to the
center, and once again there is no large number density at
the surface.

In fact, present proton-decay detectors provide more
sensitive probes of annihilations in the region of the
Earth’s surface. Such annihilations, if they occur inside a
proton-decay detector, will produce spectacular back-to-
back events. Since the volume of such detectors is about
10° cm?, an event rate of one per year would correspond
to an annihilation rate of 3X10~!7 cm~3sec™! at the
Earth’s surface. Unfortunately, this is seven orders of
magnitude larger than the actual annihilation rate for m,
at the crossover point.

If the actual crossover point between evaporation and
annihilation is lower than that determined using the
thermal equilibrium approximations described above, then
these latter effects could be significantly increased, and be
more important than the indirect neutrino signal from an-
nihilations.

We can use the density profile of Eq. (10) to estimate
the parameters a and b. Following Ref. 5 we define a as
the integrated column density of the Earth seen by a typi-
cal dark-matter particle coming in from infinity, times
R?/M. Using straight trajectories and counting only the
Earth’s iron core yields a~0.20. We define b as
[—&(r)+GM /R]/(GM /R) with r as a typical scattering
location.” For r=1.7x 10® cm, half the core radius, we
get b~1.7.

We also considered trapping of dark-matter particles by
giant planets. Sufficiently heavy dark-matter particles
will disappear via annihilation, produing heat. For oy
=10~ cm?, the power produced by the annihilations is
about four orders of magnitude below the actual thermal
power outputs!! of Jupiter (10'7 W) and Uranus (10'° W).
It is likely that Uranus has an iron core of radius ~ 8000
km accounting for ~25% of the planet’s mass.!! In this
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FIG. 2. The escape and annihilation rates as a function of
m, with the parameters {o,0)=10"% cm’ec™!, po;
=i1'300=3ab =?= 1, T=4000 K.

case, multiple coherent scattering in the core becomes pos-
sible for scalar or Dirac neutrinos with mass >30 GeV,
and a very large fraction of the incident flux will be cap-
tured, producing too much heat.

For the parameters not excluded by the arguments
present here, direct detection of heavy weakly interacting
particles may soon be possible. Recently, along with Ca-
brera, two of us have proposed a new method of detecting
low energy solar and reactor neutrinos bolometrically.!?
It appears feasible to detect energy deposits as small as
about 1 keV in ultracold silicon blocks. The maximum
energy deposit in a single scattering of a halo particle of
mass m off a nucleus of mass M is 2(mv)?/M, where v is
the velocity of the particle. Assuming virial velocities of
~1073¢, we thus expect such a bolometric detector will
be sensitive to particles of mass greater than about 2—3
GeV. As Goodman and Witten have shown,? the rates for
energy deposition in materials due to scattering of
coherently interacting dark-matter candidates in this mass
range with halo densities of about 0.3 GeV/cm? is greater
than 50/kgday. This signal is large enough that it may be
measured in prototype versions of bolometric detectors.!?
Majorana neutrinos and photinos, because of their purely
axial couplings, scatter only off nuclei with spin. Approx-
imately 5% of silicon is 2°Si, which has spin 5, and thus
should provide a good target for such Majorana fermions.
The expected rates for such scatterings are? 0.005—0.05
events/kgday in a silicon detector. Such event rates could
in principle be probed by the 10—100 kg bolometric detec-
tors proposed for reactor neutrino measurements.

An alternative target is GaAs, which has thermal prop-
erties similar to silicon. GaAs consists entirely of nuclei
with spin, so the photino cross section is much larger than
for Si (=~ X 50 for the same total mass).

We would like to emphasize that the characteristic sig-
nal for dark-matter interactions, like that for coherent
neutrino scattering, in low-temperature semiconductors is
energy deposit into phonons with very little accompanying
ionization (particle-hole creation). A hybrid detector moni-
toring both phonons and charged particles would be espe-
cially powerful in distinguishing these signals.
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Note added. After this paper was completed, we
learned that related work has been done by Freese.!?
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