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Neutralinos may be captured in the Sun and annihilate therein producing high-energy neutrinos.
Present limits on the flux 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 W, 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], ¥ 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
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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 mné, 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 fluxes (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,

x=Z,.B+z,w3+z,8,+2,H,, 1)

where (Z),; 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 u, and the ratio of Higgs vacuum expec-
tation values tanf8. In Fig. 1 we plot neutralino mass con-
tours (dashed curves) and contours of Z2 +Z2, (solid
curves), the gaugino fraction, for tanS=2 (plots for other
values of tanf are similar). As noted originally by Olive
and Srednicki [6], in much of parameter space where the
neutralino is heavier than the W, 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 u=3M 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 H, which must be less
than m cos2f3 (provided the top quark is not unusually
heavy; see Ref. [25]), and tanf3 determine the masses of
the other two, H ?, which must be heavier than the Z, and
H ‘3), whose mass falls between m "2 and m HO" There are
also charged Higgs bosons H¥ which are always heavier
than the W and two charginos, linear combinations of the
supersymmetric partners of the W and the charged Higgs
bosons. The masses of the superpartners of the quarks
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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. 7 which, assuming the neutrali-
no is the LSP, is greater than m Fe

Although the MSSM has many undetermined parame-
ters [3] (tanB, M, pu, m HY Mq, and the top-quark mass
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’6 ), 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 te ™ collider LEP have con-
strained regions of m HY -tanf space [28]. In addition, we

will only consider tanf3> 1, since radiative corrections
drive tanf3 to values greater than one when m, >>m,, and
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FIG. 1. Lightest neutralino composition and mass for
tan3=2. The dashed curves are contours of constant neutralino
mass m, and the solid curves are contours of constant gaugino
fraction (Z2 +Z2,); in (a) >0 and in (b) u <0.
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tanB<m,/m;, =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 matter. The flux of high-energy neutrinos of type i

(e.g., i =w,, V,, etc.) from neutralino annihilation in the
Sun is simply
de | _ T4 dN
=——= S B, |[—= . 2
dE |, anr® 257 | aE Fi ?

The quantity T 4 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 flux 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), Bp
is the annihilation branch for channel F, and (dN /dE)g
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)g; is a function of the 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
(d¢/dE);, the final result for the rate (per unit detector
area) for neutrino-induced upward-moving muons may be
written simply as

da¢

2
iE E*dE , (3)

i

I“detector = th f

where the sum is over Vi which produce muons, and Vs
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
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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', 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 flux is at “full signal.”

In Sec. IIT we discuss the neutrino spectra (dN /dE)g;
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
fluxes 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-flux 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 N is the number of neutralinos in the
Sun, then the differential equation governing the time
evolution of N is

N=C—C/N?, 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), ' , =CN?/2, and
accounts for depletion of neutralinos. The quantity C 4
depends on the cross section for neutralino-neutralino an-
nihilation and the distribution of neutralinos in the Sun
(or Earth) [32]:

_ <UU>AV2

; (5)
Vi

A

where {ov), is the spin-averaged total annihilation
cross section times relative velocity in the limit of zero
relative velocity (since captured neutralinos move very
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]:

372
3mi,T

2jmop

J

(6)

where T is the temperature of the Sun or Earth, myp, 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 }°)7*/* cm’, where m;zo is the neutralino mass
in units of 10 GeV, for the Sun, and in Ref. [18] it is
found that ¥;=2.0X10?*(jm }*)~*/? cm’ for the Earth.

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

r, =%tanh2(t/7',,) , %

where 7,=(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=1.5X10'7 sec>>7,), then the neutrino flux is at
“full signal” (T ,=C/2), but if 74 >>tc, 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
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of ¥; in the Earth is only about 3X 10~ * that in the Sun,
and so the value of 7 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 km sec ™!
and the escape velocity in the Sun is 618 kmsec ™! (just at
the surface)) WIMP’s are captured in the Sun quite
efficiently. On the other hand, the escape velocity in the
Earth is 11 kms ™!, 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

m-m;
A:l_x_'z
2 (my—m;)

2
Vesc
2

é; > (8)

v

where v, is the escape velocity at the surface of the Sun
or Earth, U is the velocity dispersion of the WIMP’s in
the halo, and ¢; 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 A4 >>1 the kinematic suppression
factor S;(m;)—1 (i.e., there is no suppression and
WIMP’s are efficiently captured) and when 4 <<1,
Si(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 ogc 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 HY,
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 o 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 g is not small com-
pared to the inverse of the nuclear radius R, the neutrali-
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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
AE, the form-factor suppression may be written as [36]

|F(g?)|*=exp(—AE /E,) , 9)

where E,=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 Egs. (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
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Sun and over the velocity distribution of the WIMP’s.
The final result for the capture rate, adapted from Gould
[18], is

myV300 i

(10)

where ¢ =5.8X 10%* sec™! for the Sun and ¢ =5.7X10'3
sec”! for the Earth, py* is the mass density of neutralinos
in the galactic halo in units of 0.4 GeVcm ™3, m ; is the
neutralino mass in units of GeV, and T, is the velocity
dispersion of the neutralinos in the galactic halo in units
of 300 kmsec~!. 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, 053% is the cross section for elastic
scattering off of nucleus i via an axial interaction (given in
Appendix A) in units of 107* cm?, and £’ 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 107%° cm?. The quantities ¢, 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
fi- 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 ;) and
F;(m i) for each element /, it is simpler to give the results
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
2

<f|~’Ceff|i)

CSC )=
(my) m,

2) (11)

where {f|.L4li) is given by Eq. (A10) (and is indepen-
dent of m;) and

2.04X 10*8exp[ —0.0172(m ,—10)] if m, <80 GeV,
X X

fs(mg)=

37
P 6.10X10°(m ;/80)

~1.06-0.38[(m§—80)/920]]/2

if 80 GeVSm)?S 1000 GeV , (12)

1.72><1o36(m)z/1ooo>—1-88 for m;>1000 GeV .

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

2
CP(m ) =2.13X 10 [ 3 A;Aq | (m ,/80)71557.

These functional forms are accurate to about 5% for neu-
tralino masses greater than a few GeV and less than a few
TeV. Note that CCom 7% with 1<a<2 [20]. One

power of my ! comes from the m, dependence of the

(13)

[
number density of neutralinos in the galactic halo, and
the additional m P dependence comes from the kinematic

and form-factor suppression. Note 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 CSP is similar, but contains additional m » dependence
since 3 AAgq is a function of (m)2 M 2) for heavy neu-
tralinos [see 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 B-
ino or Higgsino as does spin-dependent scattering due to
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Z exchange. To study the effect 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 W. In Fig. 2 we show contour plots in the M-u
plane of the rate of capture of neutralinos in the Sun for
(a) tanfB=2, my —35 GeV, and p>0; (b) tanf=2,

—35 GeV, and p<0; () tanf=2, m =50 GeV,
and p>0; and (d) tan=25, m,

=45, and pu > 0, assum-
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FIG. 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** se
other curves are decades, the capture rate decreasing toward higher masses. In (a) tan8=2, m,

same except 4 <0. In (c) tanB=2 and m
2

c~!; the spacing between
=35 GeV and ©>0, and (b) is the

=50, and in (d) tanB=25 and m o =45. In (c) and (d) only regions of positive u are
2

shown; the plots for negative u 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 tanf3 is held fixed, the
capture rate generally decreases with increasing m Hy a2

result of the propagator suppression, and if we hold m H
fixed, the capture rate generally increases with increasing
tanf; this is simply because the Higgs couplings contain
terms inversely proportional to cosf3.

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 tanf and does not
depend on m HO at all; therefore, if the squark mass is

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-
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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.
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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' ,=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 sufficient time to collect in the Sun. In the
dark shaded regions the signal is less than 10% of the full
signal (¢ /7 4 <0.33), and in the light shaded region the
signal is less than 90% of the full signal (¢g /7 4 <1.82);
elsewhere, capture and annihilation of neutralinos occurs
rapidly enough so that the neutrino rates are at full signal
(to/74>1.82). In Fig. 5(a), tanf=2, mHg=35, the

squark mass is taken to be infinite, and u > 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
flux is at full signal. Later, we will find that in regions of
parameter space, where the neutrino flux is large enough
to be near current observational limits, the flux is at full
signal. We will also see that 7, generally stays small
enough so that the rates remain at full signal even for
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FIG. 4. Contours of the fraction of the capture rate due to
spin-dependent scattering when the squark is assumed to be 20
GeV heavier than the neutralino and tanB=2 and m qo= 35. In

2

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 tanf3 and m #9 are qualitatively similar.
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similar to (a), but the squark mass is taken to be 20 GeV heavier than the neutralino mass. Plots for other values of tanf and m ¢ are
2

similar.

most models with a neutrino flux several orders of magni-
tude weaker than the current observational limits.

III. NEUTRINO SPECTRA
FROM NEUTRALINO ANNIHILATION

Give the annihilation rate T’ , =C tanh®(tg, /7 ;) /2, the
diferential flux of neutrino type i (e.g., v,, Vs Vi etc.)
produced by the annihilation of neutralinos in the Sun or
Earth at a distance R from the source is

; 4mR?

4

dE (14)

dE

2 Br ,

F Fi

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

tion into final state F. Since the neutralinos are moving

nonrelativistically in the Sun or Earth, B may be deter-

mined by the relative magnitude of the cross sections for

annihilation into channel F at zero velocity given in Ref.
[6] [Egs. (A 10), (B7), (C11), and (D6)] and in Appendix B.
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The final states F into which neutralinos may annihilate
at zero relative velocity are ff, where f is a quark or
charged lepton, Wtw~—, z°z° HIHS, z°HY, Z°HY,
WTH~,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°HY, Z2HY,
WYH™, and W 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)g; 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 F 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)g; 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 7 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 E, is
the initial heavy-hadron energy in the Sun, the mean en-
ergy of the hadron when it decays will be

E,/E, fo e ~

<E>:Ece E./Ey x

dx , (15)

and they estimate that E, =250 GeV for charmed had-
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rons and E, =470 GeV for bottom hadrons. Evaluating
the integral, one finds that (E)=~E,(1—E,/E,) for
Ey<<E, and (E)=~E,[In(Ey/E,)—vg] for E,>E,,
where y ; =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
7’s injected at energies above several hundred GeV, the
flux of muon neutrinos may be significantly enhanced by
the decay of additional 7’s produced by charged-current
interactions of 7 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 ), where E =198 GeV for neutrinos and
E =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 