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Energetic neutrinos from heavy-neutralino annihilation in the Sun
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Neutralinos may be captured in the Sun and annihilate therein producing high-energy neutrinos.
Present limits on the Aux of such neutrinos from underground detectors such as Irvine-Michigan-
Brookhaven (IMB) and Kamiokande II may be used to rule out certain supersymmetric dark-matter can-
didates, while in many other supersymmetric models the rates are large enough that if neutralinos do re-
side in the galactic halo, observation of a neutrino signal may be possible in the near future. Neutralinos
that are either nearly pure Higgsino or a Higgsino-gaugino combination are generally captured in the
Sun by a scalar interaction with nuclei in which a virtual lightest Higgs boson is exchanged. If the
squark mass is not much greater than the neutralino mass then capture of neutralinos that are primarily
gaugino occurs predominantly by spin-dependent scattering off hydrogen in the Sun. Although only
neutrinos from annihilation in the Sun are considered here, the neutrino signal from weakly interacting
massive particle annihilation in the Earth should be of comparable strength. Detection rates for mixed-
state neutralinos are generally higher than those for Higgsinos or gauginos.

I. INTRODUCTION

The idea that stable weakly interacting massive parti-
cles (WIMP's) make up the bulk of the dark matter in the
Universe and galactic halo has been the focus of much
theoretical and experimental research recently [1]. Now
that the original WIMP, the Dirac neutrino, has been
ruled out [2], the neutralino [3], a linear combination of
the supersymmetric partners of the photon, Z, and
Higgs bosons, has become the preferred thermal relic.
Although the original treatises considered only neutrali-
nos lighter than the W +— [4,5], heavy neutralinos, those
more massive than the 8' may also be suitable dark-
matter candidates [6,7]. Although "extremely" massive
neutralinos are not favored theoretically [8], neutralinos
in the 100-GeV range may still solve the naturalness
problem and become increasingly attractive as unsuccess-
ful accelerator searches push the mass scale for super-
symmetry upward.

Since many neutralinos are not yet accessible in ac-
celerators and are such compelling dark-matter candi-
dates, a variety of complementary experiments to detect
neutralinos in our galactic halo are currently being pur-
sued. Some seek to observe neutralinos by detecting the
energy deposited in an ultralow background detector
when a neutralino elastically scatters off of a nucleus
therein [9]. Alternatively, neutralino dark matter in the
galactic halo may be indirectly detected by its annihila-
tion products. A continuum spectrum of cosmic-ray an-
tiprotons [10], y rays [11], and positrons [12] are pro-
duced in the cascade resulting from the annihilation
products of the neutralinos; however, astrophysical un-
certainties involving the propagation of cosmic rays from
conventional sources are so great that it seems unlikely
that WIMP-induced continuum cosmic rays could ever
be distinguished from those from standard sources. Some

authors have boldly suggested that annihilation of
WIMP's in the galactic halo could produce either y-ray
[13] or positron [14,15] line radiation which could be
readily distinguished from the background. While such a
signal would provide unambiguous evidence for particle
dark matter, because of astrophysical uncertainties an ob-
servable signal of this kind is not guaranteed even if suit-
able WIMP's do reside in the galactic halo.

In this paper we address the possibility of indirect
detection of heavy neutralinos by observation of yet
another annihilation product: high-energy neutrinos
[16]. WIMP's in the galactic halo will be captured in the
body of the Sun or Earth [17—20] and annihilate therein,
producing high-energy neutrinos that may be observable
in underground neutrino detectors. This method of
detection has several advantages over cosmic-ray signa-
tures: First of all, whereas cosmic rays are expected to be
isotropically distributed, the neutrino signal comes from
a fixed direction and is therefore much more easily dis-
tinguished from background. The number density n of
neutralinos in the halo is inversely proportional to the
neutralino mass, and as we shall see, the annihilation rate
in the Sun is ~ n, while the annihilation rate in the halo
is ~n, making the neutrino signal favored for higher
neutralino masses. In addition, the uncertainties in the
predicted rates for neutrino events are smaller than those
in the predicted cosmic-ray cruxes (roughly factors of
about 2 for neutrino events and orders of magnitude for
cosmic-ray fluxes). Basically, this is because the local
halo density is known better than the dark-matter distri-
bution throughout the Galaxy and propagation of neutri-
nos through the Sun is more easily modeled than cosmic-
ray propagation through the Galaxy. It should also be
noted that neutrino and cosmic-ray searches are mutually
complementary: For example, the neutralinos that may
be discovered through distinctive cosmic-ray positron
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signatures are primarily Higgsinos [15],whereas neutrino
signals are strongest for neutralinos that are a mixed
Higgsino-gaugino state.

Unlike Dirac neutrinos, which annihilate directly into
light (i.e., v„v„, and v, ) neutrinos, neutralinos are Ma-
jorana particles and therefore do not produce prompt
neutrinos; the neutrinos from neutralino-neutralino an-
nihilations come from the decays of the annihilation
products, and so the neutrino spectrum is considerably
softer. Detailed neutrino spectra from energetic quarks
and leptons injected into the core of the Sun were calcu-
lated by Ritz and Seckel (RS) [21]. The analysis for light
neutralinos was originally carried out by Giudice and
Roulet [22], who considered only annihilation into
fermion-antifermion pairs, and more completely by Gel-
mini, Gondolo, and Roulet [23],who considered annihila-
tion into pairs of Higgs bosons as well. Here we extend
this work to heavy neutralinos by considering the effect
of the gauge-boson, Higgs-boson, and top-quark annihila-
tion channels which open up for heavy neutralinos. We
also consider the effect of the interactions of the annihila-
tion products and resulting high-energy neutrinos in the
Sun which become important at higher energies.

First, let us briefly review the minimal supersymmetric
extension of the standard model (MSSM) and the proper-
ties of the neutralino. For more details we refer the
reader to Ref. [3] and Griest, Kamionkowski, and Turner
(GKT) [5], whose notation we use throughout. There are
actually four neutralinos, and the lightest (the nth of the
four neutralinos) is assumed to be the lightest supersym-
metric particle (LSP) and stable and is denoted as the
neutralino,
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and leptons, which we will collectively refer to as
squarks, are all undetermined, but for simplicity we give
them all the same mass M, which, assuming the neutrali-
no is the LSP, is greater than m —.

Although the MSSM has many undetermined parame-
ters [3] (tanP, M, p, m o, M, and the top-quark mass
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m, ), the parameters are not entirely unconstrained, and
by studying several "corners" of parameter space, we can
get an understanding of the dependence of detection rates
on the different parameters of the model. Although m, is
constrained only to be greater than 80 GeV [26] (from
unsuccessful accelerator searches) and less than about
200 GeV [27] (from limits on radiative corrections to
sin 8~), we will assume m, =120 GeV throughout; as we
will discuss later, varying the top-quark mass should have
little effect on our results. Recent searches for neutral
Higgs bosons at the CERN e+e collider LEP have con-
strained regions of m 0-tanP space [28]. In addition, we
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will only consider tanP) 1, since radiative corrections
drive tanP to values greater than one when m, ))mb, and

g =Z„~B+Zn28 +Z„3H ~ +Zn4 300
100

where (Z);J is a real orthogonal matrix that diagonalizes
the neutralino mass matrix (Eq. (C38) of Ref. [3]) and de-
pends only on the gaugino mass parameter M, Higgsino
mass parameter p, and the ratio of Higgs vacuum expec-
tation values tanP. In Fig. 1 we plot neutralino mass con-
tours (dashed curves) and contours of Z„t +Z„2 (solid
curves), the gaugino fraction, for tanP=2 (plots for other
values of tang are similar). As noted originally by Olive
and Srednicki [6], in much of parameter space where the
neutralino is heavier than the 8' the gaugino fraction is
greater than 0.99 and the neutralino is almost pure B-ino.
In much of parameter space, the gaugino fraction is less
than 0.01 and the neutralino is almost pure Higgsino.
Near the 0.5 gaugino fraction curve, a curve that asymp-
totes to p= —,'M tan 0~ at high neutralino mass, the neu-
tralino is a mixed state, half gaugino and half Higgsino.

In the MSSM there are three neutral Higgs bosons
[24]: The mass of the lightest H2, which must be less
than mzcos2P (provided the top quark is not unusually
heavy; see Ref. [25]), and tanP determine the masses of
the other two, H „which must be heavier than the Z, and
03, whose mass falls between m 2 and m 0 ~ There are

0 1

also charged Higgs bosons H* which are always heavier
than the 8'and two charginos, linear combinations of the
supersymmetric partners of the 8'and the charged Higgs
bosons. The masses of the superpartners of the quarks
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FIG. 1. Lightest neutralino composition and mass for
tanP=2. The dashed curves are contours of constant neutralino
mass m -, and the solid curves are contours of constant gaugino
fraction (Z„& +Z„2 ); in (a) p )0 and in (b) p & O.
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tanP(m, /mb-—25, required for electroweak symmetry
breaking in many supergravity models [29]. To see the
range of possibile capture and detection rates due to the
range of all possible values for the squark mass, we will
present results assuming the squark mass is infinite and
then show results assuming the squark mass is slightly
heavier than the neutralino mass.

Although determination of the event rate is relatively
straightforward, it is quite lengthy and depends on a
variety of input physics such as solar physics, neutrino
physics, hadronization of quarks, underground detectors,
and, of course, the interactions of neutralinos with ordi-
nary rnatter. The Aux of high-energy neutrinos of type i
(e.g., i =v„, V„, etc. ) from neutralino annihilation in the
Sun is simply

dP ~w dN
4~a' (2)

r

z
~detector g i dE

(3)

where the sum is over v„, which produce muons, and v„,
which produce antimuons. Since the cross section for the
neutrino to produce a muon in the rock below the detec-
tor is proportional to the neutrino energy E and the

The quantity I z is the rate of neutralino-neutralino an-
nihilations in the Sun, and R is simply the distance of the
Earth from the Sun. Neutralinos from the galactic halo
are accreted onto the Sun and their number in the Sun is
depleted by annihilation. In most cases of interest these
two processes come to equilibrium on a time scale much
shorter than the solar age, in which case I „=C/2,
where C is the rate for capture of neutralinos from the
halo. As one might imagine, the capture rate is basically
determined by the Aux of neutralinos incident on the Sun
and a probability for capture, which in turn depends on
kinematic factors and the cross sections for elastic
scattering of the neutralino off of the elements in the Sun.
The sum is over all annihilation channels F (e.g. , pairs of
gauge or Higgs bosons or fermion-antifermion pairs), BF
is the annihilation branch for channel F, and (dN/dE)F;
is the differential energy spectrum of neutralino type i at
the surface of the Sun expected from injection of the par-
ticles in channel F in the core of the Sun. The spectrum
(dN/dE)~, is a function of th. e energy of the neutrino and
energy of the injected particles. Determination of these
spectra is quite complicated as it involves hadronization
of the annihilation products, interaction of the particles
in the resulting cascade with the solar medium, and the
subsequent interaction of high-energy neutrinos with the
solar medium as they propagate from the core to the sur-
face of the Sun [21].

The experimental signature on which we will eventual-
ly focus will be the number of upward-moving muons in-
duced by high-energy neutrinos from the Sun that are ob-
served in underground detectors. Given the fluxes
(dgldE);, the final result for the rate (per unit detector
area) for neutrino-induced upward-moving muons may be
written simply as

range of the muon is roughly proportional to its energy,
the probability that a neutrino of energy E produces a
muon which traverses the detector is E times a constant
D, , hence the integral in Eq. (3). Neutrinos may also be
detected by contained events in which a charged lepton is
produced within the detector, but because this process is
proportional only to the neutrino energy E (as opposed to
E for throughgoing events), the throughgoing muons
should provide a more promising signature for heavy
neutralinos.

In the next section we discuss the rate I z of
neutralino-neutralino annihilation in the Sun and Earth.
The annihilation rate is proportional to the square of the
number of neutralinos in the Sun or Earth, and this num-
ber is increased by capture of neutralinos from the halo
while neutralinos are depleted by annihilation. Capture
occurs by elastic scattering of neutralinos in the galactic
halo off of nuclei in the Sun. We show the regions of pa-
rameter space in which capture occurs predominantly by
scattering off of heavy nuclei via a scalar ("spin-
independent") interaction involving exchange of the
lightest Higgs boson and the regions where capture
occurs primarily by scattering via an axial ("spin-
dependent") interaction involving squark exchange off of
hydrogen. We also show the regions of parameter space
where the capture and annihilation rates are large enough
that the annihilation rate is half the capture rate and the
neutrino Aux is at "full signal. "

In Sec. III we discuss the neutrino spectra (dN/dE)~,
from products of neutralino-neutralino annihilation in
the Sun and Earth. We describe the hadronization and
decays of the annihilation products and the interaction of
the annihilation products and high-energy neutrinos with
the Sun. In Sec. IV we discuss detection of high-energy
neutrinos from the Sun (and Earth). We then point out
that the most promising method of detection is via obser-
vation of upward-moving throughgoing muons induced
by high-energy neutrinos in the rock below the detector
and discuss the calculation of the event rate.

In Sec. V we present our results and discuss which su-
persymmetric candidates for the primary component of
the galactic halo are already ruled out by current
neutrino-flux limits and which may be observable in the
near future. Most of the models that are inconsistent
with current limits from Irvine-Michigan-Brookhaven
(IMB) [30] and Kamiokande [31]on high-energy neutrino
Auxes are those where the neutralino is a mixed gaugino-
Higgsino state and the mass of the lightest Higgs boson is
near the current lower limits imposed by LEP [28]. We
find that if observational neutrino-Aux limits are im-
proved by a factor of 10, say, many more supersymmetric
models will become detectable by these methods. The
neutrino signal from neutralinos that are primarily gaugi-
no is greater for models where the squark mass is smaller,
while the neutrino rates from neutralinos that are Higgsi-
no or mixed gaugino-Higgsino states are relatively insens-
itive to the squark mass. In the final section we discuss
our results, briefly discuss backgrounds and detection
strategies, and make some concluding remarks. In Ap-
pendix A we display the cross section for elastic scatter-
ing of a neutralino off of nuclei, and Appendix B contains
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new results for cross sections for annihilation of neutrali-
nos into mixed Higgs/gauge-boson final states.

II. RATE OF ANNIHILATION IN THE SUN

The first step in calculating the rate for WIMP-induced
neutrino events from the Sun is the determination of the
rate at which neutralinos annihilate in the Sun. As men-
tioned previously, neutralinos accumulate in the Sun or
Earth by capture from the galactic halo and are depleted
by annihilation. If X is the number of neutralinos in the
Sun, then the differential equation governing the time
evolution of X is

X=C —C~X (4)

where the dot denotes differentiation with respect to
time. Here C is the rate of accretion of neutralinos onto
the Sun (or Earth). The determination of C is straightfor-
ward and will be discussed in detail below, and if the halo
density of neutralinos remains constant in time, C is, of
course, time independent.

The second term on the right-hand side is twice the an-
nihilation rate in the Sun (or Earth), I z =C„N /2, and
accounts for depletion of neutralinos. The quantity Cz
depends on the cross section for neutralino-neutralino an-
nihilation and the distribution of neutralinos in the Sun
(or Earth) [32]:

(cru) ~ V2
(5)

V2

where ( a u ) „ is the spin-averaged total annihilation
cross section times relative velocity in the limit of zero
relative velocity (since captured neutralinos move uery

slowly) and can be evaluated using the formulas of GKT
and Appendix B, and the quantities V are effective
volumes for the Sun or Earth [32,18]:

3/2
3m piT

V. = (6)
2Jm -p

where r„=(CC„) ' is the time scale for capture and
annihilation to equilibrate. Therefore, if the age of the
Sun is much greater than the equilibration time scale
(to=1.5X10' sec))rz), then the neutrino fiux is at
"full signal" (I z =C/2), but if rz ))tci, then the an-
nihilation rate is smaller and the neutrino signal is diluted
accordingly. As we shall see, the capture rate in the
Earth is generally ~ 10 that in the Sun, while the value

where T is the temperature of the Sun or Earth m p~ is

the Planck mass, and p is the core density of the Sun or
Earth. In Ref. [32] it is found that V. =6.5

X 10 (jm r )
~ cm, where m ' is the neutralino mass

in units of 10 GeV, for the Sun, and in Ref. [18] it is
found that V =2.0 X 10 (jm '

)
~ cm for the Earth.

Solving Eq. (4) for N, we find that the annihilation rate
at any given time is

I „=—tanh (tlat„),C

m m,32=-
(m —m )x

v2
esc

v
(8)

where v„, is the escape velocity at the surface of the Sun
or Earth, v is the velocity dispersion of the WIMP's in
the halo, and P; is about 3.3 in the Sun and 1.4 in the
Earth (the exact values for element i are listed in Table I
in Ref. [23]). When 2 »1 the kinematic suppression
factor S;( m )~ 1 (i.e. , there is no suppression and

x
WIMP's are efficiently captured) and when A ((1,
S;(m )~ A [18].

The neutralino scatters off of nuclei with spin (which
for the purpose of capture in the Sun or Earth includes
only the hydrogen in the Sun) via an axial or "spin-
dependent" interaction characteristic of Majorana parti-
cles. In addition, the neutralino may scatter off of any
nucleus via a scalar interaction in which the neutralino
couples to the mass of the entire nucleus; for heavy neu-
tralinos the scalar cross section o.sc is proportional to the
fourth power of the nuclear mass. For the elastic scatter-
ing cross section, we use the results of Griest [5,33],
which include both a spin-dependent and a scalar term
due to the exchange of a squark and the Z boson, and of
Barbieri, Frigeni, and Giudice [34], which includes a
scattering term due to the exchange of the lightest Higgs
boson. We also include the effect of the exchange of M„
the heavier scalar Higgs boson (which increases the elas-
tic scattering cross section only slightly). As recently
pointed out by Gelmini, Gondolo, and Roulet [23], the
cross section for scalar interactions of neutralinos with
nuclei is larger than that given in Refs. [5] and [34] when
one takes into account the substantial strange-quark con-
tent in the nucleus as implied by the pion-nucleon a. term
[35]. For the convenience of the reader, the complete for-
mulas for the elastic scattering cross section are listed in
Appendix A.

If the neutralino has scalar interactions with the nu-

cleus and the momentum transfer q is not small com-
pared to the inverse of the nuclear radius R, the neutrali-

of V in the Earth is only about 3 X 10 that in the Sun,
and so the value of ~z is always larger in the Earth than
in the Sun; consequently, the fraction of full signal in the
Earth can never be greater than that in the Sun.

Since the calculation of the capture rate that we use
has been completed by Gould [18—20], we will only re-
view the ingredients and refer the reader to the original
papers for details. The basic idea is simple: When pass-
ing through the Sun, if a WIMP of mass m scatters off
of a nucleus of mass m; to a velocity less than the escape
velocity v„, at that point, it will be captured. Since the
typical halo velocity of a WIMP is about 300 kmsec
and the escape velocity in the Sun is 618 km sec ' (just at
the surface), WIMP's are captured in the Sun quite
efhciently. On the other hand, the escape velocity in the
Earth is 11 km s ', and so unless the WIMP mass closely
matches the mass of an element abundant in the Earth,
the conditional probability that the WIMP will be cap-
tured in a collision is quite small. This kinematic
suppression can be quantified by the parameter
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no does not "see" the entire nucleus and the cross section
for scattering of neutralinos off of nuclei is form-factor
suppressed (like that for electromagnetic elastic scatter-
ing of electrons from nuclei). In terms of the energy loss
hE, the form-factor suppression may be written as [36]

IF(q') I'=exp( ~E/Eo),
where Eo =3/(2m;R ). As shown by Gould [18], form-
factor suppression is negligible for capture of heavy
WIMP's in the Earth, but a proper calculation of accre-
tion of heavy WIMP's in the Sun must include form-
factor suppression. One finds that the form-factor
suppression of capture from hydrogen and helium is
negligible and capture from scattering off of elements
with atomic masses 12—32 is moderately suppressed,
while capture from scattering off of iron is suppressed by
several orders of magnitude for WIMP's in the several
hundred GeV range. If there were no form-factor
suppression, owing to the factor of M; [see Eqs. (10) and
(11)]in the scalar cross section, one would expect scatter-
ing from iron nuclei to dominate the capture of WIMP's
in the Sun; however, because of the form-factor suppres-
sion, capture of heavy WIMP's in the Sun occurs pri-
marily by scattering off of oxygen [18]. Even so, capture
from scattering off of iron nuclei is still significant. When
considering the complete capture rate due to scalar in-
teraction of WIMP's off of nuclei in the Sun, one finds
that the form-factor suppression of the scalar elastic-
scattering cross section decreases the capture rate by a
factor of about 0.3 for WIMP's of mass 80 GeV and
about 0.07 for TeV-mass WIMP's. Incidentally, as the
neutralino mass is increased past 1 TeV, the form-factor
suppression ceases to decrease with increasing WIMP
mass; the reason is that if the nuclear mass is negligible
compared to the WIMP mass, the momentum transfer
does not depend on the WIMP mass.

The full capture-rate calculation assumes that the as-
trophysical object moves through a homogeneous
Maxwell-Boltzmann distribution of WIMP's and requires
information about the elemental composition of the ob-
ject and distribution of elements in the object. One must
integrate over the trajectories of the WIMP through the

Sun and over the velocity distribution of the WIMP's.
The final result for the capture rate, adapted from Gould
[18],is

C =c g [o.s~D~'+F, (m )crsc ']f,P, S, (m )/m;,
m —U 300

C (m )=
x

&f I&. I
~ &

'
f, (m-),

where &f IX,sIi ) is given by Eq. (A10) (and is indepen-
dent of m;) and

(10)

where c =5.8X10 sec ' for the Sun and c =5.7X10'
sec ' for the Earth, p& is the mass density of neutralinos
in the galactic halo in units of 0.4 GeVcm, m is thex
neutralino mass in units of GeV, and v300 is the velocity
dispersion of the neutralinos in the galactic halo in units
of 300 km sec '. The sum is over all species of nuclei in
the astrophysical object (here the Earth or Sun), m; is the
mass of the ith nuclear species in GeV, f; is the mass
fraction of element i, o.s'D ' is the cross section for elastic
scattering off of nucleus i via an axial interaction (given in
Appendix A) in units of 10 cm, and crsc ' is the cross
section for elastic scattering of the neutralino off of nu-
cleus i via a scalar interaction (given in Appendix A) in
units of 10 cm . The quantities P; describe the veloci-
ty distribution of element i in the Sun or Earth and are
given in the Appendix of Ref. [23] as are the quantities
f, . In principle, the axial interaction may also be form-
factor suppressed [37], but since the only element with a
spin that is significant for capture is hydrogen, we do not
consider it here.

Instead of listing accurate expressions for S, (m-) andx
F, (m ) for each element i, it is simpler to give the results

.x
obtained by summing the capture rate from Ref. [20]
over all nuclear species using the matrix elements for
elastic scattering given in Appendix A. We find that the
capture rate in the Sun (from scalar interactions) can be
approximated by

if 80 GeV~m ~1000 GeV,

1 72X 1036(mg/1000) 188 for mx) 1000 Gev.

2.04X10 exp[ —0.0172(m —10)] if rn ~80 GeV,x x
—1.06—0.38f ( m ——80) /920)f, (m )= '6. 10X10 (m /80) (12)

Similarly, the capture rate in the Sun due to axial interactions with hydrogen may be approximated by
2

C (m )=2.13X10 g 3'bq (m /80)x x (13)

These functional forms are accurate to about S%%uo for neu-
tralino masses greater than a few GeV and less than a few
TeV. Note that C ~m-, with 1(a(2 [20]. One
power of m ' comes from the m- dependence of the

I

number density of neutralinos in the galactic halo, and
the additional m dependence comes from the kinematic
and form-factor suppression. Nate that the cross section
due to scalar interactions does not decrease significantly
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as the neutralino mass is increased. The m dependence
of C is similar, but contains additional m dependence
since QAhq is a function of (m —M ) for heavy neu-x
tralinos rsee Eq. (A3)].

The relative importance of the capture rates due to
spin-dependent scattering opposed to spin-independent
scattering due to squark and Higgs-boson exchange de-
pends on the supersymmetry model. Spin-independent
scattering vanishes as the neutralino becomes a pure 8-
ino or Higgsino as does spin-dependent scattering due to

Z exchange. To study the e6'ect of Higgs-boson-exchange
scattering on the capture rate, we set the squark mass to
infinity. Doing so, we find that the capture rate due to
Higgs-boson exchange is generally more important than
that due to Z exchange when the neutralino is heavier
than the 8'. In Fig. 2 we show contour plots in the M-p
plane of the rate of capture of neutralinos in the Sun for
(a) tanP=2, m o =35 GeV, and p )0; (b) tanP=2,

2

m~o =35 GeV, and p(0; (c) tanP=2, m o =50 GeV,
2 2

and p )0; and (d) tanP= 25, m 0 =45, and p, )0, assum-
2

10000 10000

3000 3000

1000 1000

300 300

100 100

100 300 1000
(Gev)

3000 10000 100 300 1000
-v (Gev)

3000 10000

10000 10000

3000 3000

1000 1000

300 300

100 100

(c} 100 300 1000
~ (Gev)

3000 10000 100 300 1000
p (Gev)

3000 10000

FICi. 2. Contour plots of the capture rate of neutralinos in the Sun assuming neutralinos make up the primary component of the
halo dark matter and that the squark mass is infinite. The double curve indicates a capture rate of 10 sec '; the spacing between
other curves are decades, the capture rate decreasing toward higher masses. In (a) tanP=2, m o =35 GeV, and p &0, and (b) is the

2

same except p(0. In (c) tanP=2 and m 0=50, and in (d) tanP=25 and m o =45. In (c) and (d) only regions of positive p, are
2 2

shown; the plots for negative p are similar. For convenience, the mass and composition contours are also shown.
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ing the squark mass is infinite. As expected, when squark
exchange is negligible, mixed-state neutralinos are cap-
tured far more readily than pure B-inos or pure Higgsi-
nos, and for fixed masses the capture rate decreases with
increasing purity.

From Fig. 2 we also find that if tanP is held fixed, the
capture rate generally decreases with increasing m o as a

2

result of the propagator suppression, and if we hold m
2

fixed, the capture rate generally increases with increasing
tanP; this is simply because the Higgs couplings contain
terms inversely proportional to cosP.

To see the effect of the squark mass on the capture
rate, we show in Fig. 3 the rate of capture of neutralinos
in the Sun when we take the squark mass to be 20 GeV
heavier than the neutralino mass. Doing so, we find that
the capture rate for Higgsinos and mixed-state neutrali-
nos is similar to that when the squark mass is infinite; this
implies that capture of Higgsinos and mixed-state neu-
tralinos occurs primarily by Higgs-boson-exchange
scattering and that the capture rate is insensitive to the
squark mass. On the other hand, for models where the
neutralino is mostly B-ino and the squark is taken to be
20 GeV heavier than the neutralino, capture occurs pri-
marily by spin-dependent scattering of the neutralino off
of the hydrogen in the Sun. This is illustrated in Fig. 4
where we show contours of the fraction of the capture
rate that occurs as a result of spin-dependent scattering.
Scattering that occurs via spin-dependent exchange of the
squark depends only very weakly on tanP and does not
depend on m o at all; therefore, if the squark mass is

2

small enough so that capture of the neutralino occurs pri-
marily by squark-exchange scattering, the capture rate
depends primarily on the squark mass. We should also
mention that in computing the spin-dependent cross sec-

tion we used the (still controversial) European Muon Col-
laboration (EMC) [38] results for the spin content of the
proton. As discussed in Appendix A, if instead we used
the naive flavor-SU(3) quark model for the proton, the
spin-dependent cross section due to squark exchange
would be roughly 3 times larger.

Now that we have results for the capture rate, we can
see where the annihilation rate is at full signal,
I'z =C/2, and where the time scale for equilibration of
the number of WIMP's N, is so large that I ~ &&C. In
Fig. 5 we show the regions of parameter space where en-
ergetic neutrinos are not at full signal because neutralinos
have not had suKcient time to collect in the Sun. In the
dark shaded regions the signal is less than 10% of the full
signal (t~/r„&0. 33), and in the light shaded region the
signal is less than 90% of the full signal (t&/r~ & l. 82);
elsewhere, capture and annihilation of neutralinos occurs
rapidly enough so that the neutrino rates are at full signal
(to/r„) 1.82). In Fig. 5(a), tanP=2, m~o =35, the

2

squark mass is taken to be infinite, and p) 0; Fig. 5(b) is
similar, but p &0 is shown; and Fig. 5(c) is similar to Fig.
5(a), but the squark mass is taken to be 20 GeV heavier
than the neutralino mass. Note that in most models
where the neutralino is lighter than 1 TeV the neutrino
Aux is at full signal. Later, we will find that in regions of
parameter space, where the neutrino Aux is large enough
to be near current observational limits, the Aux is at full
signal. We will also see that ~z generally stays small
enough so that the rates remain at full signal even for
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FIG. 3. Same as Fig. 2(a}, but here the squark mass is as-
sumed to be 20 GeV heavier than the neutralino mass.

FIG. 4. Contours of the fraction of the capture rate due to
spin-dependent scattering when the squark is assumed to be 20
CxeV heavier than the neutralino and tanP= 2 and m o =35. In

82
the shaded regions the fraction is greater than 0.5, and the con-
tours indicate where the fraction is 0.01, 0.5, and 0.99. Again,
mass and composition contours are also shown, and plots for
other values of tanP and m o are qualitative1y similar.
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most models with a neutrino Aux several orders of magni-
tude weaker than the current observational limits. dy

dE . 4mR

de
F

Fi

(14)

III. NEUTRINO SPECTRA
FROM NEUTRALINO ANNIHILATION

Give the annihilation rate I z =C tanh (tc1/rz )/2, the
diferential Aux of neutrino type i (e.g., v„v„, v„, etc.)

produced by the annihilation of neutralinos in the Sun or
Earth at a distance R from the source is

where the sum is over all annihilation channels.
The quantities BF are the branching ratios for annihila-

tion into final state F. Since the neutralinos are moving
nonrelativistically in the Sun or Earth, BF may be deter-
mined by the relative magnitude of the cross sections for
annihilation into channel I' at zero velocity given in Ref.
[6] [Eqs. (A10), (B7), (Cl 1), and (D6)] and in Appendix B.



ENERGETIC NEUTRINOS FROM HEAVY-NEUTRAI. INO. . . 3029

&E&=E,e 'f
E /Eo

e
dx

and they estimate that E, =250 GeV for charmed had-

The final states I' into which neutralinos may annihilate
at zero relative velocity are ff, where f is a quark or
charged lepton, 8 +8', Z Z, H, H3, Z H&, Z H2,
8'+H, and W H+ [39]. The cross sections for annihi-
lation into other combinations of gauge and Higgs bosons
vanish as the relative velocity approaches zero. The cal-
culation of the cross sections for annihilation into the
mixed gauge- and Higgs-boson final states Z H, Z H2,
8'+H, and 8' H+ at zero relative velocity are new
and the results are presented in Appendix B. As noted by
Olive and Srednicki [7], annihilation into the mixed
gauge-boson —Higgs-boson final states is generally small
for pure B-inos and Higgsinos, but may be important for
mixed-state neutralinos. For models where the neutrali-
no is a pure B-ino and the squark masses are much larger
than all other masses involved, annihilation into the
mixed gauge-boson —Higgs-boson states may be compara-
ble to annihilation into Higgs-boson states; in this case
neutralinos annihilate predominantly into these states,
but the total rate for annihilation is very small and the
neutralinos are generally very weakly interacting.

The (dN/dE)~, are the differential energy spectra of
neutrino type i at the surface of the Sun (or Earth) that
result from the injection of particles in final state I at the
center of the Sun (or Earth). These spectra are functions
of the neutrino energy E and energy E,. of the injected
particles. Calculation of the spectra requires information
about the cascade following the decay of the annihilation
products, the hadronization of heavy quarks in the cas-
cade, and the interactions of particles in the cascade with
the medium at the core of the Sun or Earth. Since the
(dN/dE)~, are the neutrino spectra at the surface of the
astrophysical object, while neutralino annihilation occurs
at the center and the Sun is not transparent to neutrinos
with energies in the 100-GeV range, absorption and ener-

gy loss of neutrinos by the solar medium must also be in-
cluded in the calculation. Since the density and thickness
of the Earth are different from those in the Sun, the
(dN/dE)F, from particles injected in the Earth will be
different than those from the Sun.

A detailed calculation of the neutrino spectrum from
injected quarks and leptons was performed by the authors
of Ref. [21] using the Lund Monte Carlo program. Their
calculation includes hadronization of quarks and interac-
tions of the fermions and neutrinos with the solar medi-
um. Electrons, muons, and light (u, d, s) quarks are
stopped in the Sun before they decay and therefore do
not produce high-energy neutrinos. The top quark is ex-
pected to hadronize and then decay far before it can lose
a substantial amount of energy, and the ~ will also decay
immediately. Bottom and charm quarks hadronize, and
because of the high density of the core of the Sun, the
heavy hadron may subsequently lose a significant fraction
of its energy before decaying. RS estimate that if Eo is
the initial heavy-hadron energy in the Sun, the mean en-
ergy of the hadron when it decays will be

&Nz'&„=, I EdE. (16)

The functional forms of the spectra are not required.
For fermions injected into the core of the Earth, in-

teractions are negligible and the moments of the neutrino
spectra are easily obtained from the noninteracting re-
sults of Ritz and Seckel. In this case [21],

2

&N"&=—&N&&y'& &"&-
4E.

(17)

where E; is the fermion injection energy, &N &, and &y
are the rest-frame yield and second moments listed in
Table 2 of RS, &zI & is the second moment of the frag-
mentation function listed in Table 3 of RS, and m& is the

rons and E, =470 GeV for bottom hadrons. Evaluating
the integral, one finds that &E & =Eo(1 E—o/E, ) for
ED((E, and &E&=E,[ln(Eo/E, ) —yz] for Eo))E„
where yE =0.577. . . is Euler's constant, and so the mean
energy of the decaying hadron never grows much larger
than E, .

At high energies the Sun is no longer transparent to
neutrinos and interactions of neutrinos with the solar
medium may significantly alter the energy spectrum. For
~'s injected at energies above several hundred GeV, the
Aux of muon neutrinos may be significantly enhanced by
the decay of additional ~'s produced by charged-current
interactions of ~ neutrinos with the solar medium. Elec-
tron and muon neutrinos are absorbed by charged-
current interactions: The probability that a neutrino of
initial energy E, will escape from the Sun is
exp( E;/E,—b, ), where E,b, =198 GeV for neutrinos and
E,b, =296 GeV for antineutrinos. Furthermore, at high
energies neutral-current interactions degrade the neutri-
no energy.

Since the density of the core of the Earth is about —,',

that of the core of the Sun, muons and light quarks are
still stopped before they decay, while stopping of heavy
hadrons may be ignored until several TeV. Moreover,
the optical depth of the Earth is much smaller than that
of the Sun, and so interactions of neutrinos with the
Earth may be ignored for neutrino energies less than
several TeV. As a result, Ritz and Seckel's noninteract-
ing results may be used for the neutrino spectra from the
Earth.

The results presented by RS are for neutrino spectra
from fermions injected into the core of the Sun at 60 and
1000 GeV; however, we need to obtain information about
the spectra for fermions injected at any energy up to 1

TeV. For reasons to be discussed below, we will eventu-
ally focus on detection of neutrinos via neutrino-induced
upward-moving muons. Since the cross section for a neu-
trino to produce a muon in the rock below the detector is
proportional to the neutrino energy and the range of the
muon is roughly proportional to the energy, the probabil-
ity for a neutrino to produce a throughgoing muon is
proportional to the energy squared. Therefore, to obtain
event rates we need only the second moments
&Nz &~;m, where
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mass of the injected fermion.
For fermions injected into the core of the Sun, the cal-

culation is much more difficult since one must take in-
teractions into account. RS outline a procedure for
analytically estimating the effect of interactions which
reproduces the Monte Carlo results reliably for injection
energies ~200 GeV. An effort to modify and apply the
corrections to describe interactions at higher energies re-
sulted in moments of the neutrino spectra that repro-
duced those obtained from the Monte Carlo program
only to within —50%; however, in doing so one finds that
for injected b and c quarks the most important effect is
the stopping of heavy hadrons. Therefore, for the scaled
second moment of the neutrino spectra for b and c
quarks, we assumed that

2

(Nz'&= ax e"'J dx
0

(18)

where xo=E, /E;, and fitted a and E, to match the in-
teracting results of RS at 60 and 1000 GeV. (Actually,
since RS did not present interacting results at 60 GeV for
antineutrinos or, in the case of the b quark, for neutrinos,
we obtained these numbers using the corrections for in-
teractions described in their paper. ) We found that for
neutrinos from c quarks, a =0.056 and E, = 155 GeV, for
antineutrinos from c quarks, a =0.052 and E, =275
GeV; for neutrinos from b quarks, a =0.086 and
E, = 185 GeV, and for antineutrinos from b quarks,
a =0.082 and E, =275 GeV.

Since ~ leptons are not stopped and do not hadronize,
absorption of muon neutrinos is the most important in-
teraction effect for the spectra from ~ leptons; production
of muon neutrinos from interactions of ~ neutrinos is also
significant at high energies, but these neutrinos are
predominantly low energy and do not contribute
significantly to the second moment. Thus we take the
second moment of the neutrino spectrum from injected ~
leptons to be

—E./E
(Nz2) ae i abs (19)

and fitted a and E,&, to reproduce the RS result of 60 and
1000 GeV. For neutrinos, a =0.0204 and E,&, =476
GeV, and for antineutrinos, a =0.0223 and E,b, =599
GeV.

Our estimates for the spectra from the top quark are
far more uncertain. RS used a top-quark mass of 40
GeV, and here we have assumed that it is 120 GeV.
Since even 40 GeV is so much heavier than all other
lighter particle masses, we assumed that the scaled rest-
frame neutrino spectra would be the same for a top quark
of 120 GeV as it would for a top quark of 40 GeV. We
then estimated the effect of interactions for a top quark
injected into the solar core at 120 GeV and assumed that
the RS interacting results at 1000 GeV would also be val-
id for a 120-GeV top quark. At injection energies just
above threshold, the moments of the neutrino distribu-
tion have a strong dependence on the fragmentation func-
tion, and at higher energies, absorption of neutrinos
determines the behavior of the spectral moments. There-

fore, neither of the expressions in Eq. (18) or (19) really
describe the injection-energy dependence of (Nz ).
Nevertheless, the effect of interactions, which we can reli-
ably estimate at low energies, is better described by Eq.
(18) than by Eq. (19), and so we use the form of Eq. (18)
with a =0. 18 and E, = 110 GeV for neutrinos and
a =0.14 and E, =380 GeV for antineutrinos.

Although these estimates of (Nz ) are somewhat ad
hoc and admittedly crude for arbitrary injection energies
between 60 and 1000 GeV, they should be relatively accu-
rate for neutrino spectra from annihilation of neutralinos
not much heavier than the 8'or Z; at higher energies our
approximations are far from pinpoint accuracy, but they
should still be good enough to indicate the effect of in-
teractions of the decay products and neutrinos with the
solar medium.

Since Higgs and vector bosons decay into pairs of
quarks and leptons immediately, it is easy to obtain
(Nz ) for injected bosons from our previous results for
the neutrino spectra from injected fermions [40]. Sup-
pose boson B undergoes two-body decays into fermions f,
and N& is the number of fermions of type f produced on
average per B decay (i.e., g&N& =2) and which can be
obtained from the branching ratios for decay of 8 into
the various final states and contents of those channels. If
E; is the injected boson energy, then the energy of the fer-
mion in the rest frame of the 8 is m~/2, where m~ is the
B mass, and in the moving frame it is E&=E;(1+p cos8) /2, where p is the velocity of B in units
of the speed of light and 0 is the angle between the direc-
tion of motion of the decay product and direction of
motion of B. For Higgs bosons and unpolarized vector
bosons (which are produced by the annihilation of neu-
tralinos, provided the interactions of the neutralinos are
CP conserving, which is assumed throughout here), the
decay is isotropic, which means that the laboratory-frame
energies of the fermions from the decay of 8 are evenly
distributed from E;(1—p)/2 to E;(1+p)/2. Therefore,

E, (1+@)/2

f ~l
(20)

where (Nz )&,.(E) are the second moments of the neutri-
no spectra presented above as a function of the injected
fermion energy E.

The three neutral Higgs bosons of the minimal exten-
sion of the supersymmetric standard model decay into
fermion-antifermion pairs. The branching ratios for the
decays of H2 and H&, from which the X& are obtained,
are given in the Appendix of Ref. [23] and are propor-
tional to the fermion mass squared (so the Higgs bosons
do not decay directly into energetic neutrinos), and the
branching ratios for the decay of H

&
may be obtained

from those for H2 decay by switching cosset and sinn.
If the neutralinos annihilate into ~ leptons or b, c, or t

quarks and an energetic neutrino is produced in the de-
cay of these fermions, then the typical neutrino energy is
—,
' the mass of the neutralino. If the neutralinos annihilate
into Higgs bosons, there is another step in the decay
chain before energetic neutrinos are produced, and so
their energies would typically be —,

' the mass of the neu-
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tralino. This is partially compensated by the fact that
each Higgs boson produces two fermions, but since the
detection rates are proportional to the energy squared,
the net effect is that, if the neutralinos annihilate into
Higgs bosons, the detection rate is roughly half the rate
had they annihilated into fermions (assuming, of course,
that the branching ratio for the various fermions from
Higgs-boson decays is nearly the same as the branching
ratios for the various fermions from neutralino annihila-
tion if only fermion final states are considered). Al-
though H2 must be lighter than mzcos2p and most cer-
tainly decays only into quarks and leptons, the other
Higgs bosons may be much heavier and may include oth-
er exotic decay channels as well, which may also produce
energetic neutrinos which would most likely have a much
softer spectrum. If this is the case, then by assuming that
they decay only into quarks and leptons, we are overes-
timating the neutrino yields.

It turns out that the most favorable annihilation chan-
nel for observing high-energy neutrinos is the gauge-
boson final state. The reason is that 8'and Z bosons de-
cay directly into neutrinos with appreciable branching ra-
tios. Compared with the event rate from these
"semiprompt" neutrinos, the even rate for neutrinos
which come from the quark and charged-lepton decay
products of the gauge bosons is negligible. A 8' decays
to a muon and a muon neutrino about 1 l%%uo of the time
[41], and so, neglecting interactions, (Nz ) is roughly
0.025 for slow 8 s and 0.033 for relativistic W's. This is
larger than all the values expected from fermion-
antifermion pairs (see Table I of RS), although r+— final
states come close. Furthermore, at higher energies no en-
ergy is lost from hadronization or stopping of the vector
bosons. (At higher energies the value of (Nz ) for
gauge-boson final states becomes smaller than that from
~+—final states; this is because the energies of neutrinos

where i is a neutrino or antineutrino; (Nz )z,. may be ob-
tained by multiplying by 2 and replacing I ~ by

I z . To account for interactions of the neutrinos with
the solar medium for vector bosons injected into the core
of the Sun, we use the estimate of RS that a neutrino in-
jected with an energy E leaves the Sun with energy

E
1+Ex; (22)

where ~ =1.01X10 GeV
GeV ', and the probability

and ~ =3.8X10

Pf = 1

1+E~; (23)

where a =5. 1 and e =9.0 for antineutrinos. Doing so,
we find that

from gauge-boson decays are generally larger than those
from ~ decays so that absorption of neutrinos in the Sun
from gauge-boson decays is stronger than absorption of
neutrinos from v. decays. Even so, if the neutralino an-
nihilates to ~— pairs, it will also have a significant and
usually larger annihilation branch to bb, cc, and if
kinematically accessible, tt pairs, and so the total neutri-
no yield from gauge-boson final states will be greater than
the total yield from fermion-antifermion states. ) The
branching ratio for Z —+vv is slightly smaller than the
branching ratio for 8'—+pv„, but two neutrinos are pro-
duced so that (Nz ) is a little larger.

For 8'bosons injected in the core of the Earth with ve-
locity p, we can ignore interactions of the neutrinos with
the Earth, and

(Nz ),. =I (3+P )/12,

w zv„2+2Er, (1+a;)+E r;a, (1+a, )
(Nz ) ~;=

pEi a, z3(a; —1)(1+Ex() '
E =E,.(1+P)/2

(24)

for 8 s injected into the core of the Sun with energy E;.
In Fig. 6 we show the second moments m -(¹) of

the neutrino yield from the Sun for the cc, bb, tt, ~—,8'—,
and HzH3 (using tanp=2 and m o =35) final states as a

function of the neutralino mass. The neutrino yields
from Z pairs (not shown) is similar to, but slightly small-
er, than the yields from 8'+—pairs, and the yield from the
H&H3 (when it is kinematically accessible) final state is
similar to that from the HzH3 final state. We remind the
reader that although the yield from ~—pairs surpasses
that from gauge-boson pairs for neutralinos heavier than
about 200 GeV, if the neutralino annihilates to lepton
pairs, then it also has a significantly annihilation branch
into quark-antiquark pairs and the yield from gauge-
boson pairs is still larger than the total yield from
fermion-antifermion final states.

IV. RATES FOR DETECTION
IN UNDERGROUND DETECTORS

Generally, neutrinos are detected either by contained
events where the neutrino undergoes a charged-current
interaction and produces a lepton in the detector or by
upward-moving throughgoing muons in which a muon
neutrino undergoes a charged-current interaction in the
rock below the detector and produces a muon which then
passes through the detector. Since the cross section for a
charged-current interaction is proportional to the neutri-
no energy and the effective range of a muon is propor-
tional to the muon energy, the rate for contained events is
roughly proportional to the neutrino energy and the rate
for neutrino-induced throughgoing muons is proportional
to the square of the neutrino energy. Therefore, at
sufficiently high energies the rate for throughgoing
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that from the Sun (again, only if the WIMP in question
has scalar interactions with nuclei) [18].
tions with nuclei) [18].

In contrast, the heavy neutralinos considered here have
masses outside the Earth's resonance range, and so cap-
ture by the Earth is suppressed as a result of the factor of
(v„,/v ) =1.4X10 [see Eq. (8)], which is always much
smaller than the analogous quantity in the Sun. On the
other hand, form-factor suppression of capture by heavy
elements in the Sun tends to suppress capture in the Sun
relative to that in the Earth. A careful calculation [20]
shows that the ratio of the capture rates (scaled by the
squares of the relative distance) due to scalar interactions
with nuclei in the Sun and Earth is about unity for
WIMP's of mass m =80 GeV, rises to about 5.5 for a
WIMP mass of 1 TeV, and asymptotes to 6.5 for heavier
WIMP's. One should also note that, in addition, if the
capture and annihilation rates for the neutralino in ques-
tion are small, then the neutralino signal from the Earth
may be further weakened relative to that from the Sun as
the time ~~ for the number of neutralinos to reach equi-
librium in the Earth is generally smaller than that in the
Sun. Since only very slow heavy WIMP's may be cap-
tured in the Earth, there is an additional uncertainty in
the rate of accretion of heavy WIMP's onto the Earth be-
cause of the (roughly a factor of 2) uncertainty in the
zero-velocity phase-space density of WIMP's [19]. On
the other hand, as discussed in Sec. III, interactions of
decay products and neutrinos with the solar medium
weaken the neutrino signal from the Sun relative to that
in the Earth by a few percent at m =80 GeV and by a

. x
factor of order 10 ' for WIMP's with masses near 1 TeV.
In addition, one must also consider that neutrino-induced
muons from the Earth can be continuously observed,
while the Sun can only be observed when it is below the
horizon. We again remind the reader that if the WIMP
in question has only axial interactions with nuclei (such
as a B-ino in models with a relatively light squark), it may
be captured in the Sun by scattering ofF'of hydrogen, but
it will not be captured in the Earth.

So the neutrino signal from the Earth should be com-
parable to that from the Sun for neutralinos heavier than
the 8' and less than about 1 TeV. For even heavier
WIMP's, if capture and annihilation in the Earth are
large enough that they remain in equilibrium, then the
signal from the Earth should be stronger than that from
the Sun since interactions with the solar medium deplete
the solar signal; if, however, the equilibration time scale
in the Earth is larger than the age of the Earth, the signal
from the Earth will be suppressed relative to that in the
Sun. In the following we will focus our attention on the
neutrino signal from WIMP annihilations in the Sun
only, but we stress that, for most of the models we are
considering here, a comparable signal should be observed
from the Earth. Furthermore, Cxould [20] has recently
discussed the intriguing possibility that a measurement of
the relative strength of the neutrino signals from the Sun
and Earth could provide information about the cosmo-
logical abundance of dark matter. We also point out that
observation of a neutrino signal from the Sun and the ab-

sence of one from the Earth would be a signature of parti-
cle dark matter with predominantly axial interactions.

V. RESULTS
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FIG. 7. Contours of the fraction of the neutrino signal that
comes from gauge-boson final states. In the shaded regions the
fraction is greater than 0.5, and the contours indicate where the
fraction is 0.01, 0.5, and 0.99. In (a) the squark mass is taken to
be infinite, and in (b) the squark mass is assumed to be 20 GeV
heavier than the neutralino mass. In both, tanP=2 and
m p =35 CreV and p&0. Plots for other values of tanP and

H2I o and for negative p are qualitatively similar.
H~

Since the MSSM has many undetermined parameters,
we will show results in the M-p plane for several values of
tan/3 and m 0 allowed by null results from searches for

2

neutral Higgs bosons at LEP [28]. Again, we will first
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take the squark masses to be infinite; this minimizes the
capture rate and emphasizes gauge- and Higgs-boson
final states. Then we will consider squark masses 20 GeV
higher than the neutralino mass; this will emphasize cap-
ture by spin-dependent scattering and fermion final states
for neutralinos where such effects are important.

When the neutralino is mostly Higgsino, it annihilates
primarily into gauge bosons, and the effects of the squark,
Higgs-boson, and top-quark masses are relatively unim-
portant [6]. When the neutralino is mostly B-ino, it an-
nihilates primarily into fermions (provided the squark
mass is not too large), and when the top-quark channel is

open, it annihilates predominantly into the top quark.
Mixed-state neutralinos generally annihilate into gauge
bosons, fermions, and Higgs bosons as well with compa-
rable magnitudes.

In Fig. 7 we plot contours of the fraction of the neutri-
no signal that comes from gauge bosons. When the
squark mass is taken to be infinite [Fig. 7(a)], the neutrali-
no does not annihilate into fermions, and since gauge bo-
sons yield a much harder spectrum of neutrinos than
Higgs bosons, virtually all of the neutrino signal from
heavy neutralinos comes from gauge-boson final states.
When the squark mass is 20 GeV heavier than the neu-
tralino mass [Fig. 7(b)], fermions are the dominant an-
nihilation products from B-inos, and so the neutrino sig-
nal is not always dominated by neutrinos from gauge bo-
sons. Still, neutrinos from gauge-boson final states dom-
inate the signal for Higgsino and contribute a signal com-

parable to that from fermions in many regions of parame-
ter space with mixed-state neutralinos and B-inos.

The IMB Collaboration has found an upper limit on
the Aux of upward-moving muons induced by neutrinos
from the Sun with energy larger than 2 GeV of
2. 65 X 10 m yr ' [30] (and similar, though slightly
weaker, limits have been found by Kamiokande II [31]).
Therefore, supersymmetric models in which the capture
and annihilation of the neutralino yields larger neutrino
fluxes are inconsistent candidates for the primary com-
ponent of the galactic halo. (To be precise we do not im-
plement the 2-GeV cutoff in our calculation, but since we
are primarily interested in heavy neutralinos here, the
fraction of our signal from lower-energy neutrinos should
be insignificant. ) In Fig. 8 the dark shading denotes the
regions of parameter space excluded by this constraint.
The light shaded regions are those that would be exclud-
ed or observed if the observational Aux limits were to be
improved by a factor of 100. The curve inside the light
shaded areas encloses regions of parameter space that
would be excluded or observed if current observational
limits were improved by a factor of 10. To indicate the
sensitivity of these results to uncertainties in the calcula-
tion, the dashed curve inside the excluded region indi-
cates the region excluded if the true neutrino rate is only

as large as our calculations indicate. In Fig. 8(a),
tanP=2, m o =35 GeV, the squark mass is taken to be

2

infinite, and p&0, and Fig. 8(b) is similar except that
p(0. In Fig. 8(c), tanP=2 and m o =35 GeV, in Fig.

2
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FIG. 8. Regions where the neutralino is excluded as the primary component of the galactic halo by limits on the flux of upward-
moving neutrino-induced muons from the Sun. The dark shaded regions are those excluded by current IMB limits. The light shaded
regions are those that would be excluded if current observational limits were improved by a factor of 100. The curve inside the ex-
cluded region encloses the region that would be excluded if the true neutrino Aux was —,

' of the results of the calculation here, and the

curve inside the light shaded region encloses regions that would be excluded if the current observational limits were improved by a
factor of 10. In (a) tanP=2, m

&&
=35 GeV, p) 0, and the squark mass is taken to be infinite, and (b) is the same except p, (0. In (c)

2

tang=2 and m o =35 CseV, in (d) tanP=2 and m o =50 CreV, and in (e) tanP=25 and m o =45 CxeV. In (c)—(e) the squark mass is
2 2 2

assumed to be 20 GeV greater than the neutralino mass, and only regions of positive p are shown. Plots for negative p are similar,
but excluded regions are smaller.
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8(d), tanP=2 and m 0=50 GeV, and in Fig. 8(e),
2

tanP=25 and m 0=45 GeV. In Figs. 8(c)—8(e), the
2

squark mass is assumed to be 20 GeV greater than the
neutralino mass and only regions of positive p are shown.

From Fig. 8 we see that the limits on energetic neutri-
no Auxes from the Sun already exclude many supersym-
metric models with heavy mixed-state neutralinos lighter
than about 1 TeV when the lightest Higgs boson is light
and tanP is small [Figs. 8(a) —8(c)] or when tanP is large
[Fig. 8(e)], independent of the squark mass. Unfortunate-
ly, the region of m o-tan/3 parameter space in which

2

current neutrino limits exclude neutralinos as dark-
matter candidates is similar to that excluded by current

LEP results [28]; the rates for neutrino events from mod-
els with larger values of m 0 [Fig. 8(d)] are much small-

2

er. Also, current neutrino-Aux bounds are ineffective in
ruling out neutralinos that are almost pure Higgsino or
8-ino; however, if the observational bounds are improved
by a factor of 10, far more supersymmetric dark-matter
candidates would be observable. Also, note that the
event rates are much smaller from supersymmetric mod-
els with negative p. This is because the elastic-scattering
cross sections are generally smaller [44], which leads to a
smaller capture rate.

For values of tang and m 0 near the current observa-
2

tional limits [Figs. 8(a), 8(b), and 8(e)], most heavy
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Higgsinos would be observable, independent of the
squark mass, should they be the primary component of
the galactic halo; for larger I o the rates are smaller

2

[Fig. 8(d)]. The rates from heavy B-inos are sensitive to
the squark mass as may be seen by comparing Figs. 8(a)
and 8(c). If the squark mass is much greater than the
neutralino mass [Fig. 8(a)], the B-inos that are extremely
pure will not be observable, but if the squark mass is near
the neutralino mass [Fig. 8(c)], the event rates are much
greater. Since relic-abundance calculations show that 8-
inos heavier than about 500 GeV are cosmologically in-
consistent [6], Figs. 8(c), 8(d), and 8(e) suggest that forsee-
able improvements in the observational data from the
Sun (but not the Earth) will probe almost the entire range
of promising (i.e., models where the squark is not unusu-
ally heavy) supersymmetric models in which the LSP is a
8-ino. Although improvements in the observational data
will not be quite as conclusive for neutralinos that are
primarily Higgsino or mixed states, it is still interesting
to note that the region of parameter space probed by en-
ergetic neutrino searches (i.e., models with neutralino
masses up to a few TeV or so) will nearly overlap with
those regions which are cosmologically inconsistent (and
unsuitable for preserving the mass hierarchy).

Throughout, we have taken the top-quark mass to be
120 GeV; however, our results are generally insensitive to
this assumption. This is because the event rates are
determined primarily by the capture rates in the Sun
which do not depend on the top-quark mass. Increasing
the top-quark mass would increase the fraction of annihi-
lation products that are top quarks relative to the frac-
tion that are gauge or Higgs bosons, and the neutrino
spectrum from top quarks is generally softer than that
from gauge bosons. Therefore, an increase in the top-
quark mass would result in a slightly lower event rate for
models where the number of top-quark final states is
comparable to the number of gauge-boson final states.

By comparing Fig. 8 with Fig. 5, we find that in the ex-
cluded regions the capture and annihilation rates are
large enough that the number of neutralinos in the Sun
has reached equilibrium (to )r~ ). Generally, we find
that current observational limits on energetic neutrino
IIIuxes would have to be increased by about two orders of
magnitude until neutralinos that have not yet reached
their equilibrium in the Sun are detected.

VI. CONCLUDIN(G REMARKS

One of the most important questions facing particle
physics and cosmology is the nature of the dark matter
known to exist throughout the Universe and in our
galactic halo. A well-motivated extension of the
SU(3)c X SU(2)L X U(1)z model of particle interactions is
the minimal supersymmetric standard model. If low-
energy supersymmetry exists in nature, then it is likely
that the neutralino is the lightest supersymmetric parti-
cle. Although the neutralino was originally taken to be
light, its mass could also lie in the 100-GeV range, and as
unsuccessful accelerator searches push the mass scale for
supersymmetry upward, this possibility becomes more at-
tractive. Calculations [6] show that in much of parameter

space the neutralino has a relic abundance suitable for
solving the dark-matter problem. Given this result, it
remains to be seen experimentally whether neutralinos do
indeed populate our halo.

In this paper we have proposed that the presence of
heavy neutralino dark matter be inferred through the ob-
servation of energetic neutrinos produced by neutralino
annihilation in the Sun and Earth. Neutralinos that are
primarily Higgsino or a mixed Higgsino-gaugino state are
captured in the Sun and Earth by elastic scattering due to
light-Higgs-boson exchange o6' of nuclei, and for mixed-
state neutralinos the capture is quite efficient. If the
squark is not much heavier than the neutralino, gauginos
are captured via spin-dependent squark-exchange scatter-
ing oA'of hydrogen in the Sun but not the Earth.

Neutralinos that have been captured will annihilate
and high-energy neutrinos will be produced by the decays
of the annihilation products. Calculation of the energy
spectrum of neutrinos from such a source as they emerge
from the Sun is quite involved as the cascade from the an-
nihilation products must be modeled considering, among
other things, the eA'ect of the solar medium on the
shower. In addition, since the neutrinos have very high
energies, absorption and energy loss of the neutrinos as
they pass through the Sun must be included in the calcu-
lation.

The most promising method of detection of these neu-
trinos is through observation in underground detectors of
upward-moving muons produced by the neutrinos in the
rock below the detector. Current limits from IMB on the
number of such throughgoing muons may already be
used to constrain regions of heavy-neutralino parameter
space where the neutralino is a mixed Higgsino-gaugino
state and with a mass less than about 300 GeV. Further-
more, in other regions of parameter space, where the neu-
tralino is either slightly heavier (though still in the sub-
TeV range) or closer to being a pure Higgsino or gaugino
state, the predicted event rates are large enough that en-
ergetic neutrino signals may be observable in the near fu-
ture with increased observing time or larger detectors.
Given the enormous importance of such a discovery and
the promise of observation of such a signal from many
supersymmetric dark-matter candidates, the search for
energetic neutrinos from the Sun should be pursued.

The Anal result of our calculation that was compared
with experiment was the Aux of neutrino-induced
upward-moving muons; therefore, the strongest limits
should eventually come from detectors with the largest
surface area or longest exposure time. The current IMB
[30] limits come from a detector of area roughly 400 m2

and an exposure time of about a year, and the limits from
Kamiokande II [31] come from a slightly smaller expo-
sure. The next improvement should come from the
Monopole, Astrophysics, and Cosmic-Ray Observatory
(MACRO) [45], which will have an area more than twice
as large as IMB, and in the more distant future there may
be a factor of 10 improvement in the collection area with
a deep-sea detector [46]. There is also the intriguing pos-
sibility of an increase in detector area of several orders of
magnitude by looking for Cherenkov radiation from ener-
getic muons in deep Antarctic ice [47].
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To see the prospects for discovery of dark-matter can-
didates via observation of muons induced by neutrinos
from WIMP annihilation in the Sun, let us consider the
background of throughgoing muons induced by atmos-
pheric neutrinos. The flux of such muons (with energies
larger than 2 GeV) is [30]

@„(E)2 GeV)=0. 075 m yr ' sr (26)

Now, although the angular size of the Sun in the sky is
quite small and the detector resolution may be quite
good, the angle between the muon direction and the
direction of the parent neutrino has an intrinsic distribu-
tion with average of roughly 8„=15'/[E„/(2 GeV)]'
and so muon tracks from within 15 of the Sun need to be
accepted. We see that the background from an angular
window of this size is comparable to the IMB limit of
0.0265 m yr '. So additional exposure will improve
this Aux limit by providing the statistics needed to distin-
guish excess signal from the background.

Another strategy for improving the signal-to-noise ra-
tio is to raise the muon-energy cutoff E„'"'. Since the at-
mospheric neutrino flux decreases roughly as E (to be
conservative) and the probability for detection of a neu-
trino of energy E is proportional to E, the background
event rate decreases only logarithmically with increasing
cutoff energy; of course, this is not the whole story. Since
the mean muon-production angle 0„~E„',the size of
the angular window around the Sun from which muon
tracks must be accepted is accordingly smaller; conse-
quently, the background event rate is proportional to
(E„'"') '. On the other hand, most of the neutrinos from
WIMP's with masses of 100—1000 CxeV should have ener-
gies well above 10 GeV; furthermore, the detectability of
energetic neutrinos is proportional to the neutrino ener-
gy. So, by accepting muons with energies greater than 10
GeV, for example, the background is decreased by a fac-
tor of 5, while the dark-rnatter signal should be reduced
only slightly. Of course, if such a cutoff is to be imple-
mented, the neutrino spectra from heavy-WIMP annihi-
lation in the Sun should be more carefully determined, ei-
ther through Monte Carlo or more detailed analytic mod-
eling of interactions of decay products and neutrinos with
the solar medium to determine exactly how much of the
signal is lost by rejecting muon events with energies lower
than the cutoff.

We should mention that throughout we have assumed
that neutralinos are the primary component of the galac-
tic halo. Of course, if neutralinos constitute only a frac-
tion of the dark matter, then the rates for detection will
be lowered accordingly. There is also the question of
whether the relic abundance of the LSP associated with a
given supersymmetric model can account for the dark
matter in galactic halos. Generally, it is assumed that if
the fraction of critical density contributed by neutralinos
today is 0.025 ~ 0 h ~ 1, where h is the present Hubble

. x
parameter in units of 100 kmsec 'Mpc ', then the neu-
tralino is a good dark-matter candidate. If Q h & 1, the
relic density is too large to be consistent with the ob-
served age of the Universe, and if 0 h ~0.025, the relicx
abundance is too small to make up the primary com-

ponent of the galactic halo.
Here we assume that all of the heavy neutralinos we

consider are candidates for the primary component of the
galactic halo. The relic abundance of a WIMP depends
on its abundance in the early Universe at "freeze-out, "
when the annihilation rate of the WIMP falls below the
expansion rate. The annihilation rate at any given time
depends on the temperature of the Universe and the cross
section for annihilation of the WIMP, which is deter-
mined by the particle-physics model. On the other hand,
since we have little familiarity with the conditions in the
Universe before big-bang nucleosynthesis, the expansion
rate at freeze-out cannot be reliably predicted. If one
makes the simplest, and standard, assumption, that the
early Universe was radiation dominated, then it is found
that the relic abundance of heavy neutralinos is generally
greater than 0.001 [48]. However, many nonstandard
scenarios accommodate an expansion rate at freeze-out
larger than that in the radiation-dominated Universe
[49], and so, if the standard calculations find a relic abun-
dance greater than 0.001, nonstandard scenarios allow for
a relic abundance greater than 0.025. Conversely, if stan-
dard calculations yield 0 h ) 1, a value of 0 h (1 isx x
possible if the abundance was diluted by some entropy-
producing process such as inflation, a quark-hadron or
electroweak phase transition, or out-of-equilibrium decay
of a massive particle. Therefore, since the standard cal-
culations yield relic abundances for LSP's within a few
orders of magnitude of the dark-rnatter window,
0.025 ~ 0-h ~ 1, and the abundance of a thermal relic in
nonstandard cosmological models may differ from that in
the standard radiation-dominated Universe by a few or-
ders of magnitude, almost all heavy neutralinos should be
considered dark-matter candidates.

Given that energetic neutrinos from heavy-neutralino
annihilation in the Sun may be observable, we speculate
that neutrinos from annihilation of other heavy dark-
matter candidates (such as Majorana neutrinos) may also
be observable. Such a heavy WIMP would have to be
captured readily in the Sun, either by a scalar interaction
with heavy nuclei or by a sizable spin-dependent elastic-
scattering cross section that could result from the ex-
change of another particle not much heavier than the
WIMP (e.g. , a heavy lepton in the case of a Majorana
neutrino) or maybe by a strong coupling to the Z. Even
if the dark matter consists of some heavy WIMP other
than the MSSM neutralino, the MSSM provides a good
example of a particle-physics model with a well-
determined phenomenology that is consistent with
current laboratory results and contains an excellent
dark-matter candidate. This example shows that the idea
that galactic halos are populated by (possibly detectable)
WIMP's is alive and we11 and that the quest for their
discovery should be pursued vigorously.

To conclude, we note that the properties of the heavy
neutralino in many models are such that their capture
and annihilation in the Sun yields an observable Aux of
energetic neutrinos. We also point out that in many
models a heavy neutralino may easily make up the pri-
mary component of the galactic halo while remaining in-
visible to neutrino detectors, and so null results from en-
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ergetic neutrino searches are not likely to rule out super-
symmetric dark matter. Nevertheless, given the present
uncertainty as to the nature of the dark matter, the popu-
larity of supersymmetry in particle physics, and the in-
teresting "coincidence" that the relic abundance of the
LSP in most supersymrnetric models falls near the dark-
rnatter window, it is clear that the search for energetic
neutrinos from the Sun holds considerable promise for
discovery, should neutralinos reside in the galactic halo.
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while in the Savor-SU(3) model,

g Aqb q =0.3125(Z„3—Z„4 )

(A5)

APPENDIX A: ELASTIC-SCATTERING
CROSS SECTION

The neutralino may elastically scatter off of a nucleus
via a scalar interaction where the WIMP interacts with
the mass of the nucleus, and if the nucleus has spin, the
neutralino may also scatter via an axial interaction. The
cross section for scattering of a neutralino off of nucleus i
via an axial interaction (the "spin-dependent cross sec-
tion") is [5]

24m m, G+ 4
crsD= —

A, J(J+1) g A'bq
m(m +m;) Q, d, s

(Al)

where

A
' =

—,
' T)L ( Z„3 —Z„~ )

2 2
2mq dq 2—

x~ ~ +[T)r Z„z—tan8~(T)L —eq)Z„, ]
4m~

+taIl 0~e Z (A2)

2

2= m gr

(m +m;) —(M +m;)

is the squark-exchange suppression factor [33],and

A, =—,'[1+[s (s +1)—l(l+1)]/[J(J+1)]], (A4)

is the Lande factor from the one-particle nuclear shell
model for a nucleus with spin J, an unpaired nucleon
with spin s, and orbital angular momentum l. Here m
is the (current) quark mass, d = —Z„3/cosp for down-
type quarks, d =Z„4/sinp for up-type quarks, T)z is the
weak isospin of the quark, e is its charge, and 0~ is the
Weinberg angle. The quantity hq measures the fraction
of the nucleon spin carried by the quark. In the naive

Z.'3 Zpg 4—x —3.5 X 10 ' +3.72X 10
cos p sin p

+0.173Z~2 +0. 1 125Zn2Zn ]

+0.122Z (A6)

The term proportional to (Z„3—Z„4) arises from Z ex-
change, and the second term arises from squark ex-
change. For heavy B-inos, Z„3——Z„4-—0, for heavy
Higgsinos, Z„3 ——Z„4, and as we will see below, for heavy
mixed-state neutralinos, the axial interaction is much
weaker than the scalar interaction; therefore, scattering
of heavy neutralinos via Z exchange is essentially negligi-
ble. In addition, from Eqs. (A5) and (A6) one can see
that if the neutralino is pure Higgsino, spin-dependent
scattering due to squark exchange is also negligible,
but if the neutralino is pure 8-ino (Z„&——1 and
Z„~=Z„3—Z 4 —0) and the squark is not much heavier
than the neutralino, then spin-dependent scattering due
to squark exchange may be significant. By comparing
Eqs. (A5) and (A6), we also see that had we used the
flavor-SU(3) quark model the capture rates would be
roughly 3 times as large as those obtained using the EMC
results, which we used in this work.

The cross section for scattering via a scalar interaction
is obtained from Refs. [5], [34], [35], and [23]. Griest [5]
obtained the results for a scalar interaction via exchange
of a virtual squark, and Barbieri, Frigeni, and Guidice
[34] obtained results for a scalar interaction in which a
Higgs boson is exchanged; however, in both of these pa-
pers it was assumed that the nucleon mass is due to
gluons [50]. Recent measurements of this pion-nucleon o.

term imply that a significant fraction of the nuclear mass
is due to a sea of strange quarks [35]. When applied to
neutralino-nucleus scattering via a scalar interaction, it is
found that, although the component of squark- and
Higgs-boson —nucleon coupling due to gluons is reduced,
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Xm ggqq, (Aj)

where k~"=sina/sinP and k' '=cosa/sinP for up-type
quarks, k"'=cosa/cosP and k' '= —sina/cosP for
down-type quarks, gH =(Z„3sina+Z„4cosa),

2

gH =(Z„3cosa+Z„4sina), and e is the sign of the

lightest-neutralino mass,
~
m

~
/m (see Chariest, Kamion-

kowski, and Turner [6]). In addition to terms due to ex-
change of the lightest Higgs boson [34] and the squark
[5], to be complete we have included a term due to ex-
change of the heaviest Higgs boson, although it should
generally be smaller than that due to exchange of the
lightest Higgs boson.

The scattering cross section is obtained from the
square of the matrix element (f ~X,fr~i) of this effective
Lagrangian between the initial and final neutralino-
nuclear states. In Ref. [50] (as modified by Ref. [35]) it is
shown that the coupling of a scalar field to the gluons in

(N~m„hI ~N ) =
—,', m, (0.56), (AS)

where h is a heavy-quark field, mh is the heavy-quark
mass, and ~n ) is the nuclear wave function. In addition,
measurements of the pion-nucleon cr term imply that [35]

(N~m, ss~N) =
—,', m, (5.94), (A9)

where s is the strange-quark field and m, is its mass. The
matrix elements of m qq for the u and d quarks are much
smaller. With these results it is easy to find that the ma-
trix element is

(f ~&,J i ) =&2G+ z', m; (Z„z—Z„&tang ~ )

w
1 12

cosa
6 5

slna

m 20 ' sinP cosP
H2

there is an additional component due to squark and
Higgs coupling to the strange-quark sea, and the net
effect is a significant increase in the squark- and Higgs-
boson —nucleon coupling [23].

The scalar cross section may be derived from the
effective Lagrangian [5,34]

Xdr= &2GF(Z„,—Z„,tan8~)

4m m.
SC 2 eff

m(m +m; )2
(Al 1)

We should clarify that this is the cross section that
would be measured only if the neutralino interacted
coherently with the entire nucleus. If the inverse of the
momentum transfer 1/q in the scattering event is small
compared with the nuclear radius R, then the neutralino
does not interact coherently with the entire nucleus and
the total cross section is momentum-transfer dependent
(or, equivalently, scattering-angle dependent) and is given
by Eq. (All) times ~F(q )~, the form-factor suppression.
The effect of the form-factor suppression on capture in
the Sun and Earth is discussed in Sec. II.

APPENDIX 8: MIXED
GAUGE-BOSON —HIGGS-BOSON

FINAL STATES

In addition to the gauge- and Higgs-boson final states
considered in Ref. [6], neutralinos may annihilate into
mixed Higgs-boson —gauge-boson final states when the
mass of the neutralino exceeds the average of the gauge-
and Higgs-boson masses. At zero relative velocity the
available channels are ZH&, ZH2, 8'+H, and 8' H+.
Annihilation into ZH3 is possible in general, but does not
occur at zero relative velocity for CP-conserving theories.
The reason is that at zero relative velocity neutralino-
neutralino annihilation occurs via an s wave, and because
of Fermi statistics, the initial state has CP = —1. Since
the Z has spin 1 and the Higgs particle is a scalar, the or-
bital wave function of the outgoing state must have l = 1,
and since the Z is CP even and the H3 is CP odd, the final

state must have CP =1 and is therefore inaccessible from
the initial state.

Since the ZH2 final state is the first mixed channel to
open up as the neutralino mass is increased, we will con-
sider it first. [Incidentally, since (m o+mz)/2 may be

2

less than mw, this channel may be open for neutralinos
that are lighter than the 8' a possibility that was not
considered in previous work. ] Throughout this appendix
we will use the notation of Griest, Kamionkowski, and
Turner (GKT) [6], and some of the couplings we will use
here are defined there.

Annihilation of two neutralinos into ZH2 occurs via s-
channel exchange of a Z and a H3 and by t- and u-

channel exchange of all four neutralinos. The cross sec-
tion o.

p for this process as relative velocity U„~ —+0 is
2

+ mw
1 12

sina + cosa
m 0

~ s1I1P cosP
I

6x Zn4 Zn 3+ 1.12 . —6.5
m ~ sinP cosP

(A10)

kX p
2

(7 pU
ZH2 re 32~m 3

x

where

2 —1k= m,' ——(mz+m„'. )+x 2 2

2 2 2(mz —m„. )
2

16m

(B1)

(B2)

and the cross section for scattering off of nucleus i via a
scalar interaction is is the momentum of the outgoing particles and
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m—2X,=2k'
2 mz

ZFnn"." +
mz

4M&„„hm x

s m 0
3

2
2gM2gkFnk ( m —0 ™x)Xk

t —m
X k

Here z =gmzsin(P —a)/cos8~ is the coupling at the H2ZZ vertex [where g is the SU(2)t coupling constant],
F~J' g ( Z '3Zl3 Z'4ZJ4) /2 cos8 ~ is the coupling at the ZX; X 1 vertex, M lk is the H; XJX k coupling and is given in Eq.
(C9) of GKT, h =gcos(ct —P) /2 cos8~ is the ZH zH s coupling, the sum is over all four neutralinos, and
t =[(mz+m 0)/2] —m

2

For larger neutralino masses the ZH
&

channel opens up. (Recall that the H, is always heavier than the Z.) The cross
section for annihilation into ZH

&
may be obtained from annihilation into ZH2 by simply replacing m 0 by m 0, Mz;

2 1

by M„I, and using z =gmzcos(f3 —a)/2 cos8+, and h =gsin(a —P)/2 cos8~.
Annihilation into O'H —final states occurs thorough s-channel exchange of the H& and t- and u-channel exchange of

the two charginos. The cross section for this process as relative velocity v„&~0 is

WH
~H+ «~ (B4)

327Tm—

where

RH—
gm k 4M3„„m"",'+

s —m
H~

[m +(e;Qtt —f;QL )+m (f;Qtt —-e;QL )]

t —m'+ (85)

The sum is over the two charginos, the quantities e; and f; are given in GKT [Eq. (A2) of GKT],

QL,

Q2

Rl

—e sing+
+ (Z„~+Z„2tan8~)

—sin

cosp+
=g cosP Z„4 ssnq +

cosP
=g sing Z„&, + —(Z„2+Z„ztan8~)ll sin 2 Pl 2 fl cosy

(B6)

where the
e=detX/I

1k= m ——(m +m +)+8' ~+ (B7)

angles P+ and P are related to the diagonalization of the chargino mass matrix and are given in Ref. [51],
detX~, and X is the matrix defined in Eq. (C9) of Ref. [3]. Here,

1/2
(m~ —m +)

16m

and t =[(m~+m + )/2] —m
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