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Weakly interacting massive particles which are candidates for the dark mass in the halo of the

Galaxy would be captured by the Sun, accumulate in the solar core, and annihilate. We present a
systematic evaluation of the neutrino signal produced by such annihilations. Since most annihila-

tions occur in the dense solar interior, only prompt neutrinos escape with sufficiently high energy to
be readily observable in deep underground detectors. We find that existing underground experi-

ments are capable of finding —or excluding —several possible cold-dark-matter candidates.

I. INTRODUCTION

Most of the mass in the Universe is dark, the nonlumi-
nous mass being detected by its gravitational effect. Since
the origin of the unseen mass is unknown, various
creatures from the particle-physics zoo have been pro-
posed as candidates for the dark matter. These exotic
particles may be grouped into a few broad categories:
hot dark-matter (e.g., neutrinos with m„—tens of eV)
will preserve perturbations on very large scales (» clus-
ters of galaxies), but erase those on smaller scales; cold
dark matter [e.g., massive (~ GeV) neutrinos, photinos,
scalar neutrinos, axions, etc.] preserves perturbations on
all scales; warm dark ma-tter (e.g., —keV mass neutrinos
or supersymmetric partners of the axions) is intermediate
between the two, erasing perturbations on scales smaller
than galaxies or groups of galaxies. Both warm- and
cold-dark matter may collapse with galaxies and may
dominate (over ordinary nucleons) the mass of the halos
of galaxies. Since such weakly interacting massive parti-
cles (WIMP's) are nonluminous, few constraints to their
properties are available. However, if present in sufficient
abundance in the halo of the Galaxy, various cold-dark-
matter candidates might be detectable through their an-
nihilation radiation. ' Such %IMP's would be accreted by
the Sun, accumulate in the solar core, and annihilate
yielding a particularly striking signal of an excess of
high-energy (& GeV) ordinary neutrinos from the Sun ob-
servable in deep underground detectors, The concentra-
tion in the Sun of a WIMP X depends on its abundance in
the Galaxy (px/~, &,), its mass (rnx), and its cross sections
for elastic scattering (cr,tto) and annihilation (o, ). Some
fraction of all annihilations will, via XX~ff
~v;(v;)+anything, yield detectable neutrinos of flavo
i (i = p,e~). Similar remarks apply, as well, to capture
and annihilation in the Earth.

It is our goal to present a systematic account of the ex-
pected neutrino Auxes and neutrino-induced event rates
for several %IMP's which are cold-dark-matter candi-
dates (Dirac and Majorana neutrinos, scalar neutrinos,
and photinos). In particular, we will calculate the correct

energy spectrum of the neutrinos at production and fold
this with the correct energy dependence of the neutrino
interaction cross section in the detector to compute the
differential (with respect to E„),as well as the total event
rate. Since the relevant annihilations occur in the dense
interior of the Sun (or the Earth), only prompt neutrinos
(e.g., from the decay of heavy-quark and -lepton flavors
or from XX~v;v; ) will emerge with high energy.
Charged pions and kaons will scatter in the dense interior
(-10 gcm ) of the Sun and thermalize, yielding ulti-
mately mostly thermal photons and low-energy neutrinos
typical of meson decay or capture at rest (-30 MeV for
pions and muons and -230 MeV for kaons). Such low-

energy neutrinos have cross sections too small to produce
measurable interaction rates in present detectors for the
annihilation rates of interest. For several of the WIMP's
we shall consider, however, the couplings favor annihila-
tion to heavy flavors and fluxes of relatively energetic
prompt neutrinos are therefore quite large.

As a preliminary to our detailed calculations we first
review the production and survival of WIMP's in the ear-

ly Universe. Next we outline the galactic abundance, cap-
ture and annihilation rates of the various WIMP's, and
calculate the fluxes and energy spectra of the resulting
neutrinos. For each case we consider the branching ratios
to each neutrino flavor as a function of mz. Then we
fold the neutrino fiuxes with the appropriate cross sec-
tions to obtain the interaction rates. %e apply our general
results to several specific cases and conclude with a sum-
mary of the constraints (on mz, ms, . . . ) from present or
future searches. To introduce the notation and to provide
a qualitative preview of our results we begin with an out-
line of the calculation of the event rate expected in a deep
underground detector.

The flux at Earth of neutrinos of flavor i produced in
XX annihilations in the Sun is
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P„(E„)=g (E„) X;ydy. (2b)
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In (1), Nx is the rate of X captures in the Sun (the factor
of —,

' accounts for the fact that two X's disappear in

each annihilation so that the annihilation rate—in
equilibrium —is one-half the capture rate); R =1.5X10"
cm [1 astronomical unit (AU)] is the Earth-Sun distance;
B»(mx) is the branching ratio of XX~ff; 8f; is the
branching ratio of ff~v;(v;)+anything; gf;(y) is the
normalized neutrino energy distribution where y =E„/mx
and for later use we define

In Sec. IV we compute the capture rate Xz', we will find

Nxc, =(3.6X10 /mx)(o, rr/o, )o(PX/Ph, i, )(uh, ),/Ux),

where o.,f~ is the effective cross section for elastic scatter-
ing of X's with the nuclei in the Sun and cr,o is a critical
cross section corresponding roughly to one scattering per
traversal of the Sun (ir,~=RS mH/MO=4X10 cm }.
p» and ux are the mass density and velocity of X's in the
halo of our Galaxy; for the Galaxy, ph„,=0.3 GeV cm
and Uh, ~, -300 km sec ', here and elsewhere in this paper
mz is in GeV.

Roughly, then, we expect a differential fiux and a total
flux of neutrinos of type i whose magnitudes are

y;(E ) (64/inx)[+ '(y)/inx](& ff/ir )o(px/ph io)(uh ]o/Ux }

P„;=(6 4/mx). (E„i/0 1)(o',rfh. T, )O(px/phago)(uha)o/Ux) .

(3a)

(3b)

To estimate the event rates we must fold P„; with the neutrino-nucleon cross section. For the charged-current interac-
tions of energetic ( & GeV) v, and v„,

cr„(E„)+cr„(E„)=1X10 E„(GeV) cm (4)

Here and throughout the paper we have used only charged-current interactions to estimate event rates because in these
interactions in principle all of the neutrino energy is dete:table. The neutral-current interactions will increase the total
event rate by about one-third, but these events will be more difficult to distinguish from background because of the vari-
able missing energy. The procedure we adopt gives a conservative estimate of the dark-matter-induced event rate.

The event rate per kt yr GeV (kt represents kiloton) is R;(E„}= 1.9X 10 (a„+0„)p,(E„)so that

R; (E,) = 1.2 X 10 [yN„;(y)/~x](oefr/'pro )O(P'x/Phalo}(Uhalo/Ux)

Ri Ri ~v Ev 0 +vi l Oeff oc Q Px Phalo Uhalo Ux

(5a)

(5b)

In (5) we have used the result that, for prompt, three-body
semileptonic decays of f,

(y&=&E„&/~ =fyX„;(y)dy/N„;= —,
' .

Note that if o,r~ were of order a,o, the predicted event
rate would be enormous; typically, ir,fto is,~ to ~ of
o',o so that, for E =0.1, a few to —10 e.vents per kiloton
year is expected.

The rates predicted for WIMP annihilation in the Sun
should be compared to the atmospheric background. The
total atmospheric background —from all directions and
integrated over all energies —yields an expected rate in the
large underground detectors of order 100 events per kilo-
ton year. The signal-to-background ratio can be
enhanced by realizing that the background is concentrated
at low energy and by exploiting the angular resolution.
For example, for & GeV v, and vz, charged-current in-
teractions have an overall angular resolution of (35' so
that the background would be reduced by a factor of
& 10. An event rate—from WIMP annihilation in the
Sun—of a few per kiloton year should be detectable.
Thus the deep underground detectors are capable of
discovering —or excluding —%IMP's which are cold-
dark-matter candidates.

III. SURVIVAL OF %'IMP's
IN THE EARLY UNIVERSE

The production, destruction, and survival of particles
during the early evolution of the Universe was first
analyzed by Zeldovich and by Chiu. A11 subsequent
work has been to extend and generalize the Zeldovich-
Chiu analysis (see, for example, Steigman and references
therein). At high temperatures the production and annihi-
lation rates are rapid compared to the universal expansion
rate and equilibrium is established and maintained
(nx n~ ). Fo——r WIMP's, when T (mx, n, q

o. T x f e
where T is the radiation temperature and x=m~/T.
%hen the temperature drops to a critical value T =T„
deviations from equilibrium occur (nx & n, )bqecause the
interaction rates are too slow to keep up with expansion
rate. For T & T„annihilation dominates and the abun-
dance of X's decreases until the density of X's is so low
that no further annihilations occur—the X's "freeze-out. "

The critical temperature T, (when deviations from
equilibrium begin) is reached when the annihilation rate is
x, times the expansion rate (Hubble parameter): 1

=x,H, (Steigman ). x, is the solution of

xa 8 =5 X 10 gxl?lx(CT U&agao (7)
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In (7), g» and I» (in GeV) are the number of spin states
and mass of X, &ir, u), (in cm sec ') is the thermally
averaged annihilation rate coefficient, averaged over ini-
tial states and summed over all final states; g, is the ef-
fective number of relativistic degrees of freedom at T,
(see Steigman ). The fina number of X's in a comoving
volume is smaller than the number present at T, by a fac-
tor x, (N»f/X», -x, '); for weakly interacting parti-

cles, x~ =20.
For symmetric relics,

N»/N„=N»/Nr =5)&10 x, (m»&rr, u),g, '~
)

(8)

The present mass density in X's may be written in
terms of the present critical density: p» ——Q»p, „

p, =1&(10 5(HO/100) GeV cm where p» m——»(n»
+ny):

Q»" in =(1.9X10 /&ouv ~~)(x~/20)(64/g~) (9)

In (9) we have written the Hubble parameter as
Ho ——50hi~2 km sec 'Mpc '. As Eq. (9) shows, a WIMP
with a typical weak annihilation cross section can
close the Universe (i.e., Q»h i~2 -1 for &O, u )
=2~10 cm sec ').

Care must be taken in applying these results. Strictly
speaking they have been derived for s-wave annihilation
of particles with short-range forces (o, a:u '). Sherrer
and Turner have considered the ease that O.,v ~ v ". Up
to logarithmic factors, x, is unchanged but the right-
hand sides of (8) and (9) must be multiplied by (n +1) in
the general case. For the particles we will consider subse-
quently only s- and p-wave contributions are relevant. If
we write &a,v), =a+bx, ', then (see also Ellis et al.
and Kolb and Olive )

=(1.9X10 /& a, u),')( x, /20)( 64/ g, )' (b+ax, )(b/2+ax, ) (10)

Majorana particles require special attention. En averag-
ing over identical particles in the initial state, &crau)
should be divided by 2 to avoid double counting. Howev-
er, this can be ignored if it is reahzed that for Majorana
particles, two X's disappear in each annihilation (i.e.,
&a'. v).„=2X-,' &o.u&=&o.u)). Since X=X, p»
=m»n» (not 2m»n»), Eq. (10) must be divided by 2 for
Majorana particles.

Superficially, it might appear from (10) that Q»h &&2 is
independent or, only weakly dependent, on the mass of the
WIMP. This is misleading. For most examples of in-
terest, &cr, u) ~m» so that Q»hi&2 ~in» In gen. eral,
there will be a minimum value of the mass, below which
the WIMP density is too high (Q»hi/2 ~1). There may
also be a maximum value of m», above which WIMP's
are less important than ordinary nucleons: Q~gQ~.
Big-bang nucleosynthesis constrains the nucleon density
to lie in the range 0.04' Q»hiq2 ~0.16.

IV. CAPTURE OF COLD-DARK-MATTER
CANDIDATES (REF. 2)

Consider some cold-dark-matter candidate J which
collapsed along with the Galaxy. During the dynamical
collapse, violent relaxation would have thermalized the
phase-space distribution of the X's yielding n»( v)
cc(u2/v» )exp( —3u /2u» ) where u» ——uh, i, =300
km sec ' is the average velocity of the X's. If p» ——m»n»
is the density of X's in the Galaxy then the differential
flux (per unit velocity interval) is -up»(u)/m», ' the fiux
of X's with u ~u, is, for u, &v», -(p»/m»)(u, /u» )

where p» is the total density of X's in the Galaxy. In
passing through the Galaxy, the X's will encounter mas-
sive bodies (e.g., the Sun, the Earth, etc.) and, if u, is less
than the escape velocity (u, =26M/R) gravity will
focus the X's towards those objects. There is a critical
impact parameter b~ =Av~, /u~ such that for 6 ~b„ the

X's will pass through the object. For a target of mass M
and radius R, the number of X's passing through per unit
time is -(I »/m»)(u, '/u»')b, '-(p»/~»)S'(u„, 'u, '/
u» ). In passing through the object the X may undergo an
elastic scattering which, if v, is sufficiently small, may
leave the X bound. If the "optical depth" of the object to
X's is small, the probability of such a collision is

(M/8 )cleff/mH where oeff is an appropriately mass-
weighted scattering cross section and mH is the proton
mass. The rate at which X's are captured is thus

X»o (sec ')=8.8X10 (o',fio/m»)(P»/v») (12)

In (12) we have written p» ——p»ph, ~,-0.3P» (GeVcm )

and u» ——u»/vh, ~, =u»/300 km sec '. The effective cross
section for scatterings in the Sun is

+ ffS XHQ(~'/nH)+»' (13)

where XH is the hydrogen mass fraction (=0.7), n;/n H is
the abundance of nucleus i (by number with respect to hy-
drogen) and o»; is the scattering cross section. In the fol-
lowing we will adopt nH, /nH ——0. 1 and follow Cameron'
for the abundances of the other nuclei.

For the Earth, the results are quite different. Since
v -11 kmsec '~~vz, only very slow moving X's are
kinematically capable of being captured in a single scatter
with a nucleus (essentially iron) in the Earth. In this case,
v~ =a~v~~ where2 2 2

b~ is a numerical coefficient which depends on the densi-
ty distribution of the Earth; Krauss, Srednicki, and

X»-(p»/m»)(M/mH)(u, u, /u» )o,rf .

For the Sun, v~g=620 kmsec '~v~ so that v, =v~
and N»g ~ (m»u» ) 'cr, fro. From Press and Spergel,
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Wilczek estimate b~ =1.7. For i =Fe and mx &&mF„
a~ =3.4m»/m F,. Comparing with (11) we see that

0

Nx~-Ux o,tt~. Limiting ourselves to the iron core of
the Earth, we find

&»+=4 6X»"(jx/U x')~»F, (s~ ') (15)

Px=l for Qxh„2'&0.04,

px —Qxhi—g22/0. 04 for Qxh i~2 (0.04 .

(16a)

(16b)

V. ANNIHILATION OF COLD-DARK-MATTER
CANDIDATES

Once captured by the Sun, X's will come to thermal
equilibrium and sink to the solar core (for m»&mH).
The scale radius of the region in which the X's are con-

If X, indeed, is the %'IMP which accounts for the dark
mass in the Universe, we expect that p~ ——1. However,
even if X is cosmologically unimportant, there may be
detectable events from its capture and annihilation in the
Sun and/or Earth. If QxgQ&'" we will assume that

P» ——Qx/Q~'". From Yang et al a.nd Boesgaard and
Steigman, s we adopt Q~'"h, &z2 ——0.04 so that

centrated is

r&-S&10 m&
' cm ~~Ro=7)&10' em . (17)

i =(2i'lxo& &aU )o/Vo) i~2 (18)

where Vo=3X10 'mx ~ cm is the effective volume
and (cr, u )o is the annihilation rate coefficient appropri-
ate to the temperature of the solar core. For the specific
candidates discussed below, we have compared t,q to to
(=1.4&(10' sec) and find that in all cases of interest

t~ goto.
Among the annihilation products will be the "ordi-

nary, " light neutrinos (v„v„,v, ). If, in a typical annihila-
tion N„;(E„)dE„neutrinos of type i are produced with en-

ergy between E„and E„+dE„,then the differential flux
of such neutrinos at Earth is

VAth time, the I concentration will increase until the den-
sity is high enough for XX annihilation to occur. In
equilibrium, the capture rate will be twice the annihilation
rate (an X and X disappear in each annihilation). A
steady state will be achieved if the time to reach equilibri-
um is short compared to the age of the Sun. The time
scale to reach equilibrium is

,' Xx(P'„—;(E„)
P;o(E„)= 2

-1.6X10 (rt,ttolmx)(px/Ux)N (E„) (cm secGeV)
4m'(1 AU)

(19)

It is of interest to compare the above fiux with that ex-
pected from capture in the Earth. It follows from (12)
and (15) that

correcting several misprints, we find

(

Po/P~- .SX10 (U» / «)(cr,tts/o»F, ) . (20)
&err

' 3/2

For Dirac neutrinos and for scalar neutrinos coherent
scattering from iron nuclei in the core of the Earth may
be significant. As we shall see below, however, for all
mx, Po exceeds P~ by more than an order of magnitude
[D. Seckel (private communication)].

VI. EVAPORATION

It must be noted that very light X's will evaporate from
the Sun before they annihilate. Below a critical mass
mx,„,~, there is a cutoff to the flux of annihilation neutri-
nos. In their original discussion of WIMP s in the Sun,
Steigman et al. " estimated mz, »&-4 GeV. Spergel and
Press have discussed evaporation in greater detail and
find mx,„»-4.1 GeV.

It is convenient to identify two separate contributions
to the evaporation rate t,„,~ ' [Ref. 2 and Spergel and
Press (private communication)]. A WIMP in the high-
velocity tail of the thermal distribution may scatter from
a "thermal" nucleus and gain sufficient energy to escape.
In addition, a thermal WIMP may be kicked out of the
Sun after scattering frotn a high-velocity (superthermal)
nucleus. %'e have evaluated both contributions to the to-
tal evaporation rate and have found that the first process
always dominates. Following Spergel and Press but

mH
&& GMo exp 7.9 (21)

dt V tevap
(22)

For convenience we have dropped the subscripts X and C).

The first term on the right-hand side of (22) accounts for
captures, the second term accounts for annihilations, and
the third term accounts for evaporations. The solution to
(22) at present (t = to) is

Ã 1 —exp[ —(n 1
—92)to/t. ,]

niexp[ —(ni —n2)to«. ,]—n2
' (23)

where t,q is given in (18), %~=At,q is the equilibrium
number of WIMP's in the absence of evaporation and

t/i 2= —E(6 + 1) y e=tpq/'2tpygp (24)

where the escape velocity from the solar cores' is
U~~=15.8 kT/mH and o,„,=Ro (Mo/mH) '. Below,
we will evaluate t,„,~ for each of our candidate particles.
However, since the exponential in (21) dominates we will
find m», „,~=3 GeV for all cases. First, though, let us
define mx, „,~ more precisely.

The evolution of WIMP's in the Sun is described by
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Later we evaluate t,„,~ and t,q as a function of mx for
our candidate particles. mx, „,~ is defined as that value of
mx such that evaporation reduces the flux of annihilation
neutrinos by a factor of 2: (N/iV~) =—,

' at mz ——mz«, z.

VII. BRANCHING RATIOS AND EVENT RATES

For energetic neutrinos from XX annihilations to ff
there are two energy distributions. If f=v, the neutrinos
are monoenergetic with E =mz. For XX~QQ (where

Q =c or b), followed by semileptonic decay of the heavy
quarks, the energy distribution of the neutrinos can be
adequately described by the spectator quark model. ' The
lepton distributions, including @CD corrections, have
been worked out by Cabibbo, Corbo, and Maiani' for
c~slv and by Altarelli, Cabibbo, Corbo, Maiani, and
Martinelli' for b~clv. Although radiative QCD correc
tions change the magnitude significantly, they change the
shape of distribution only near the end point. Since, in
the present application, only the shape is relevant, we ern-

ploy the appropriate uncorrected shape. For similar
reasons we are justified in ignoring the Fermi momentum
of the heavy quark inside its hadron. In this approxima-
tion the neutrino distributions are the same as those in ~
decay (and in muon decay) with appropriate changes of
mass. In the rest frame of the c, the momentum distribu-
tion of the neutrino from c-+slv is

g,„(x)~12x (x~ —x) /(1 —x), (26)

where x =1—(m, /m, ) and x=2E„/m, where E„*is
the neutrino energy in the rest frame of the c. For
b ~clv the corresponding distribution is

gi, „(x)~2x (x~ —x) (1—x)

&([(1—x)(3—2x)+(1—x )(3—x)], (27)

where, now, x =1 (m, /mi, ) —and x=2E„*1m&. The v,
distribution in r decay is of the same form as in (27). For
the distribution g, the mean energy of the neutrino is
=0.3m& whereas for g& the mean energy is -0.35m+.

If 8xf(mx} is the branching ratio for XX ff and 8f;

For heavy particles evaporation is unimportant

(t~ &&t,„,~, @~0}so that, for t~ & to, X=X,~. In con-
trast, for light particles evaporation will dominate

(t,„,„«t~, @~ad) and, for t,„,~&t~ &t~, the steady-
state number of WIMP's in the Sun is reduced from its
value in the absence of evaporation

(25)

1B —,, 8~ —,, B~ —1.
TV~ 1'

Charm quarks will decay to strange quarks plus e(v, ),
p(v„), or u (d} quarks. For charm decay,

(29)

(The observed semileptonic branching ratio for D decay
is significantly less than for D+ decay, -so use of these
naive branching ratios may overestimate the contribution
via charm channels to some extent. ) More channels are
available in the decay of the heavier b quark: u (d), c(s),
e(v, ), IM(v„), Hv, ):

1 1 1

Bbv 9 & Bbv 9 ~ Bbv 9e 'r
(30)

Note that in (30) we have only included "direct" v pro-
duction; v production from the subsequent decays of e
and r will be included separately —this separation is neces-
sary because of the different distributions of neutrino en-

ergy from b, c, and ~ decay. For v, and v„ from c and r
decay, (y) =0.3; for all vs from b decay and v„ from r
decay, (y) =0.35.

The branching ratios 8' depend on the mass and the
nature of the annihilating WIMP and will be given when
we discuss each case in its turn. %e may now assemble
our results to compute the expected flux and event rate
from energetic neutrinos produced in the annihilation of
WIMP's from the halo of our Galaxy which have been
captured by the Sun.

VIII. FI.UXES AND EVENT RATES

In the absence of evaporation the differential flux of
neutrinos of type i and energy E„produced by WIMP an-
nihilation in the Sun is given by (19) where X„;(E„)is
given by (2). To account for possible evaporation, we
should multiply (19) by (N/N, q) (see Sec. VI):

that for f~v; +anything, then the differential number of
neutrinos of type i with (laboratory) energy E, is given in

Eq. (2). For use in Eq. (2) the distributions in Eqs. (26)
and (27) must first be transformed into the laboratory
frame. In terms of the variable y=E„/m~ they are,
respectively, 2 —6y +4y and —, + —,y —3y in the ap-
proximation x~ = 1.

Only prompt neutrinos from the decay of r, c, and b
(and, occasionally from XX~vv) are sufficiently energet-
ic to be detectable. r leptons can decay to v, plus e(v, ) or
p(v&) or u (d) quarks. Accounting for the three colors of
the quarks,

q,o(E„)= 1.6x 10
2

N (E„) (cm secGeV) (19')

8;(E„)=3.0X10 o,rio
Ux

Since there are —1.9X 10 nucleon sec in 1 kt yr, the differential event rate corresponding to the above flux is

2
f'

N„(E„)(kt yr GeV)
cq mx

(31)
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where we have used the neutrino-nucleon cross section in
(4). The total event rate, integrated over E„,is

lO )

&efrO
px

Ux
(y)N„. (32)

In fact, the above is strictly applicable only to v, and
v&. For v;nucleon charge-current interactions one must
account for the threshold energy (-3.5 GeV) due to the
large r mass. The corresponding v,-nucleon cross sec-
tion' must be used to compute an "effective" (y(m») ) in
place of (y):

&y(m») & =1X10"I -"g(y)[o„(Z,)+o„(Z„)]dy/Z, ,
&~a

(33)

0-a
4J

(cr' ~ W

IO )OR

mz(GeV)

W

to3
~ ~

where y,„=(m,/m») [1+m, /(2m„)] and y,„=(1
+P)/2 where P is the velocity of the parent r lepton.
(y(m»}) is shown in Fig. 1; only for very large values of
m» does (y(m»)) approach its asymptotic value of 0.35.
For v, produced directly (XX~v,v, ), g(y) =5(y —1) and
we must use (y(rn»)), where

(y(m»)) =1X10 m» '[o„(m»)+cr-„(m»)] . (34)

(y(rn») ) is shown in Fig. 1; only for very large m» does
(y(m») ) approach its asymptotic value of 1. For v, then,
(y)N„; is replaced by

B», (m»}(y(m»))+QB»f(m»}Sf„(y(m»)) . (35)
f

We now proceed to consider four candidate WIMP's:
Dirac neutrinos, Majorana neutrinos, scalar neutrinos, and
photinos. For each WIMP we will calculate the relic
abundance Q» (Sec. III) as a function of rn» and compare
with Q~', for Q»h ~&2 & 0.04, p» ——1 whereas, for
Q»h, r, &0.04, p» ——Q»h~&2'/0. 04. To compute Q» we
will need to know (o,u)„ the annihilation rate coeffi-

FIG. 1. The effective average fractional energies of v, (see
the text) as a function of the mass af the annihilating particle;
see Eqs. (33) and (34).

cient (as a function of m»} when T, =rn»/x„where
x, =20. Next, we will calculate the rate for capture by
the Sun (and/or Earth) and the time scales to reach equili-
brium (t~) and for evaporation (t,„,z) so that we may
evaluate the fiux (19') and the predicted event rate [(31)
and (32)]. By requiring that the density of relic WIMP's
not be too large (Q»h &f2 & 1} and that the event rate not
be too large, we will constrain the masses of such parti-
cles.

A. Dirac neutrinos

In general, massive neutrinos can annihilate to lighter
leptons via Z or W+-exchange. The cross section for
Dirac neutrino (X=vu) annihilation was derived by Kane
and Lani' on the assumption that the charged current in-
teractions are Cabibbo suppressed:

I
2

g(1 mf'/m — )'" (Cvf +CAf')[2m' + 6(7m' mf )u ]+(Cvf—Cpf )mf 1+"
f

(36a)

where

Gp ——GF 1— 2p?l ~
'2, 2 '2 —1

s
(36b)

In (36), GF is the Fermi constant (1.16X10 GeV ), I,=3 GeV is the Z width and mz=93 GeV is the Z mass; f
is any fermion with mf &m„(three colors of quarks are counted); u is the v~ —v~ relative velocity; for f=v„v„,v„
—Cz ——Cz ———,

''
, for f=e,p, r, C„=+—,, Cv ———0.048, for u, c, C„=——,', Cv ——0.199; for d, s, b, Cz ———,', Cr ———0.349

(we have used sin es ——0.226). It is clear that at low energy (u «1), s-wave annihilation dominates so that
&o,u&, =&o,u&o=&o, u& where

Gr 2

(o,u&= m„'g(1 —mf /m„')'r [2(C f +C„f )+(C f —C„f )mf /m„] .
f
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We have used the above cross six:tion to find the density
of relic —stable —massive Dirac neutrinos. In Fig. 2 we
show Q„h &zz as a function of m„. For relatively small

ni„, Q„ Iiig2 ——1 (0.04) for rn =3.6 (15) GeV. The

nihilation cross section. For much larger values of the
neutrino mass, o, u ~m„so that Q„h&&2 increases

a0;am.
The elastic scattering cross section for Dirac neutrinos

will receive contributions from the coherent vector and
spin-dependent axial-vector couplings. The axial term
dominates the scattering from protons. ' Neutrinos
scatter coherently from even-even nuclei since the axial
contribution is absent. Even for heavy nuclei with spin
the axial contribution is small and the vector coupling
dominates. For the scattering of Dirac neutrinos by a nu-
cleus of mass rn„with Z protons and N neutrons, Good-
man and Witten' find

loo) '

Ioq

lI
o. tq

O.ol
q

0.00l q

aoOol q

aooom&

0.000OQ
0 20

r r r r ~ r r I ~ r r r r r ~ r r I r ~ ~ r r r r r

60 80
r ~ r r ~

t00

Dirae Neutrino Maal (QV)

FIG. 2. The event rate (RT) per kiloton year for neutrinos
from the annihilation of heavy Dirac neutrinos captured by the
Sun. Also shown is the relic density (Q„h&q~ ) of such Dirac

D

neutrinos.

2
Gp m„m„a„„= F
27K mrs +m v

2

P' —Z(1 —4sin 8a )], (38) where

[(&v—1)'+3(Cg —1)'], (39)0'vp =

r

where T'= —,'(Fq+Fx) is the average hypercharge of the
left- and right-handed components of the neutrino. For
scattering from protons

26@ mpm„
2

' '2

mHm,

mH+mv

mImv

mv+mg
[N~ —Z;(1—4sin 8a )]

(40b)

'2

[(2sin 8a ——,') + —,']

G 2

cr,r~=0.7 I'„=1.5X10 I „cm
Sm vD (40a)

wherefo, r protons Cz ———,
' +sin 8a =0.954 and Cq ———,'.

For Dirac neutrinos, FL, ———1 and Y~ ——0 so that
F= ——,'. The effective cross section for Dirac neutrinos
scattering in the Sun is [see Eq. (13)]

In (40) we have taken the hydrogen mass fraction of the
Sun to be XH ——0.7; we will use nH, /n„=0. 1 and follow
Cameron' for the abundances of the other nuclei (we in-
clude H, He, C, N, 0, Ne, Na, Mg, Al, Si, S, Ar, Ca, Cr,
Fe, and Ni). I'„ is given in Table I.

It is of interest to compare the flux of neutrinos from

TABLE I. Parameters for Dirac neutrinos captured by the Sun.

1

2
3
4
8

12
16
20
24
28
32
36
40
48
60
70

90
100

3.1

5.8
7.8
9.3

14
18
22
25
28
31

37
39
44
50
54
58
61
64

R„=R„
e

2x 10-"
3x10-'
2.9
3.7
5.3
6.8
7.2
4.7
3.0
1.9
1.1
0.6
0.2
0.015
0.75
2.1

4.0
6.4
9.3

0
0
0
0.07
0.82
1.8
2.6
2.0
1.4
1.0
0.6
0.3
0.1

0.01
0.55
1.6
3.1

5.1

7.6

4x 10-"
6x10-'
5.8
7.5

12
15
17
11
7.4
4.8
2.8
1.5
0.5
0.04
2.0
5.7

11
18
26

Ns~4s

2.5 x10'
1.3 x10'
2.9x10'
1.3 x10'

76
53
41
33
29
27
23
20
19
19
19
19
20
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annihilations in the Sun with those from annihilations in
the Earth. From Eqs. (20), (38), and (40) we may com-
pute Po/P~; our results are in Table I where we see that

P~ &&fo for a/I m„. Note that we have ignored eva-

poration here; for m„&6—10 GeV, the fiux from the

Earth is much smaller than we have assumed.
Using the above cross section me may calculate the cap-

ture rate by the Sun of Dirac neutrinos and, from ¹~and

&o,u)o compute t~, t,„,p, and N/N~. In Table II we
show t~, e=t~/2t, „,u, and N/N~ as a function of m„;
note that (N/N, q) = —, for m„=2.8 GeV.

For the annihilation cross section given in (37} we may
compute the various branching rations B»f as a function
of the Dirac neutrino mass. Direct neutrino production is
significant. B„„varies from 0.25 for m„=3 GeV to
-0.21 at higher masses; v=v, +v&+v, . Over the same
range B„s increases (from zero) to -0.15. In contrast

8„,=0.12 and 8„,=0.034 are insensitive to m„. For

further details see Tilav. '

With these results we may now compute the event rates
for e, p, , and r neutrinos (R„=R„);the results of our

V~ Yp

calculations are shown in Table I and Fig. 2. The falloff
in 8 at low m„ is due to evaporation. For m &15
GeV, R decreases due to the small abundance of such
Dirac neutrinos in the Galaxy (P» 0-.Q» & QN); the dip in
R is a reflection of the decrease in Q„due to thevD

resonant form of the annihilation cross section. For
m„&38 GeV and m„) 56 GeV, R exceeds 1 event per

kiloton year.

B. Majorana neutrinos

Since Majorana neutrinos are self-conjugate, the overall
wave function must be antisymmetric so that s-wave an-
nihilation is suppressed at low energies. The annihilation
cross section is

2 F U

g(l —mf /m„) ~2 (Cvf +CD )
f

2 2 2 2
Cg] mf Vlf U

+
2

+(CAf 4 CVf }
12

(41)

where Gz is given in Eq. (36}. This cross section should
be divided by 2 to account for the identical nature of the
annihilating particles. For annihilation in the early
Universe &u ),=6T, /m„=6/x, and

& tr, u &, = & o, u &u(a+bx, '), (42a)

a=+(1 mf /m„—)' Cgf (mf/m„)
f

b =g(1—mj2/m )'
f

(42c)

Gp m„

2'

=2.5 y, lo-2S m„ i (cm'sec '), (42b)

X [2(Cpf + CD )+(Cpf —17Cgf /4)(mf /m„) ].
(42d)

In computing the surviving abundance of relic Majorana
neutrinos care must be taken since vl ——v~ so that

M M M

TABLE II. Parameters relating to the evaporation of Dirac neutrinos from the Sun.

t~ (Gyr) N/X, q

1.0
1.5
2.0
2.5
2.6
2.7
2.8
2.9
3.0
3.1
3.2
3.3
34
3.5

1.3
0.64
0.077
0.045
0.042
0.039
0.036
0.034
0.032
0.030
0.028
0.027
0.025
0.024

4.4X 10'
2.9X10'
4.5 X 102

3.7
1.5
0.59
0.24
0.095
0.039
0.016
0.0064
0.0026
0.0011
0.0004

1-1X 10
1.7X10-'
1.1X10-'
0.13
0.31
0.57
0.79
0.91
0.96
0.98
0.99
1.0
1.0
1.0
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IX

(a+b/2x )
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In Fig. 3, Q„h&&2 is shown as a function of m„. For
relatively small m„, Q„h &~2

——1 (0.04) for m„=5 (27)

GeV. For much larger values of m, , Q„h ~z2 increases

to 0.04 at m „=78 GeV.
For "cold" annihilation in the Sun we may neglect the

terms proportional to U (s-wave annihilation dominates)
so that

&~,u&o=(& U&0&

=2.5x 10 (Gp/GF)

Xg(l —mf /rn„)'~ Czf2mf (cm3sec ') .
f

Because of the mf dependence, annihilations of Majora-
na neutrinos directly to ordinary neutrinos are suppressed.
However, the same mass dependence ensures a sizable
branching ratio for annihilations to heavy fermions
(b,c,v). For rn„) 10 GeV, 8„,-0.1, 8„,=0.05, and

B„q=0.84. For further details see Tilav. 's

Majorana neutrinos scatter primarily from hydrogen
nuclei ln the Sun (since vier =vs', FL, =—Fg, and F=O)
with a cross section given by (39):

0.

F0009 I ~ ~ r ~ ~ s ~ r f ~ ~ ~ ~ s ~ v r ~
l 7 e ~ ~ ~ ~ ~ r 1

1
~ t I 1 ~ s 0 ~ v I ~ ~ e s ~ t r f ~0

0 20 40 80 80 t00

Majorana Neutrino Mass (GeV)

%ith the above cross section we may calculate Xo, t,q,
t,„,~, and N/N, q for capture of Majorana neutrinos by
the Sun. We display our results in Table III; note that
(N/N~)~= —,

' for m„=3.0 GeV.
The event rates due to annihilations of Majorana neutri-

nos captured by the Sun are given in Table IV and Fig. 3.
For m„&38 GeV and m„&57 GeV, E.to, exceeds 1

event per kiloton year.

C. Scalar neutrinos

FIG. 3. The event rate (RT) per kiloton year for neutrinos
from the annihilation of heavy Majorana neutrinos captured by
the Sun. Also shown is the relic density (A„h I/2~) of such Ma-

jorana neutrinos.

OeffS =+Ho v~H

(45)

The lightest supersymmetric particle (LSP) may be
stable and, if sufficiently massive, a candidate for cold-
dark matter. The lightest scalar neutrino —the super-
partner of the neutrinos (~„v&,v, )—is a candidate for the
I.SP. Scalar-neutrino annihilation, however, is very sen-

TABLE III. Parameters relating to the evaporation of Majorana neutrinos from the Sun.

m„(GeV)

1.0
1.5
2.0
2.5
2.6
2.7
2.8
2.9
3.0
3.1

3.2
3.3

3.5
3.6
3.7
3.8

2.75
2.05
0.34
0.25
0.24
0.24
0.23
0.22
0.22
0.21
0.20
0.20
0.20
0.20
0.19
0.19
0.19

8.5x10'
8.0x10'
1.6x10'

16
6.5
2.7
1.1
0.45
0.19
0.08
3.2x 10-'
1.3X10 '
5.5 x 10-'
2.3x 10-'
9.5x 10
4.0x10-'
1.5x10-'

5.9x 10-'
6.1 x 10
3.0x 10-'
3.1x10-'
7.6x 10
0.18
0.39
0.65
0.83
0.93
0.97
0.98
0.99
0.99
0.99
1.00
1.00
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TABLE IV. Event rates for Majorana neutrinos.

R tot

1

3

8
12
16
20
24
28
32
36

48
60
70
80
90

100

0.66
1.6
2.1

2.3
2.4
2.4
2.5
2.2
1.2
0.6
0.23
0.015
0.6
1.6
2.6
2.6
2.6

4~10-4
0.073
0.22
0.35
0.49
0.60
0.6
0.4
0.2
0.08
0.006
0.3
0.8
1.4
1.4
1.5

1.3
3.1

43
4.8
5.1

5.4
5.6
5.0
2.8
1.4
0.54
0.036
1.5
4.0
6.6
6.6
6.7

sitive to the mixing parameters of the neutral sector of su-

persymmetry. Since scalar neutrinos may annihilate via
gauge/Higgs fermion exchange, (o,u) is usually very
large2u and, correspondingly, Q„ is very small [see Eq.
(9)].

Ibanez has called attention to the possibility that
scalar-neutrino annihilation could be dominated by the ex-
change of the Majorana part of the Z gaugino (Z). For
this case, the annihilation cross section is independent of
the v mass and may be large or small depending on the ar-
bitrary value of M~—the Majorana part of the Z-gaugino
I11ass:

6 2

o,U= Mz -5.0X10 Mz cm sec

I —,= I „—12
N1 H +7tl-

'2

[(2sin es ——,
'

) + —,'] . (47b)

The Sun captures scalar neutrinos at a rate

Ns ——5.1X10 (I „/m„)(P„/u-„) sec (48)

TABLE V. Event rates for scalar neutrinos.

The calculation of t~ and, hence, e for scalar neutrinos
is uncertain due to the extreme model dependence of the
annihilation cross section. If we assume an annihilation
cross section such that QP ~zz -1, we find' that
(N/N~) =-,' for m-„=2.8 GeV.

6 2

o,r~=0.7 (4)I'„=5.8X10 39I „cm~, (47a)

For Mz -Mzo, o, u is very large and, therefore, 0-„is very

small; in this limit, scalar neutrinos are not cold-dark-
matter candidates (Q„«QN). If, however, M- is suffi-

ciently small (Mz &30 GeV), Q-„& Q~ [see Eq. (9)] and
scalar neutrinos may be cosmologically interesting. The
bottom line, however, is that any conclusions we might
draw regarding scalar neutrinos are likely to be strongly
model dependent. VA'th this caution in mind, we will as-
sume that QP, ~z

—1 (or, Q„&Q~) and proceed to dis-
cuss the consequences of capture by the Sun.

Scalar neutrinos scatter from nuclei through Z ex-
change with coherent vector as well as axial-vector cou-
plings. The v-nucleus elastic scattering cross sections are
given by Eqs. (38) and (39) with the exception that the hy-
percharge of the scalar neutrino is F„=—l. In -analogy
with Eqs. (40),

m„(GeV)

1

2
3
4
8

12
16
20
24
28
32
36
40
50
60
70
80
90

100

R =R„
e y,

0.013
54
71

130
190
250
310
360
410
460
500
540
640
730
800
870
920
970

1.6
24
60

100
150
190
230
280
330
370
470
570
640
710
780
830
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If the dominant product of the annihilation of scalar
neutrinos of type i is ordinary neutrinos of type i
(v;v; ~v; v; ) so that 8- = 1, the event rate from monoen-

ergetic neutrinos produced by annihilations in the Sun wiH

be

R (8, ) =17.3I -„(N/N, q) (P-„Wv-„) (ktyr) ', (49a)

OI

R, =17.31,(iV/X, „)'(p-„/v-„)(y(i'-„)) (~t yr)

Our results (assuming Qp {&22—1) are shown in Table V.
It is clear that if the e or {M scalar neutrino is the LSP, sig-
nificant event rates are expected for m„& 3 GeV; if the r
scalar neutrino is the LSP, significant event rates are ex-

pected for m, & 4 GeV. As with Dirac neutrinos, capture

by the Sun dominates the Earth for the predicted event
rate.

D. Photinos

Photinos annihilate through the exchange of scalar fer-
mions. ' ' In general, the masses of the various scalar fer-
mions need not be identical and, therefore, the photino an-
nihilation cross section may depend on many adjustable
parameters. In many models, however, it is the case that
the scalar-fermion masses are degenerate (=ms) and,
therefore, the photino annihilation cross section simplifies
considerably: '

'2

o, v = ggp4(1 fn/2/m —2) '~2-
mg +m-

2
mf + 1—

2
mf
m-

y

2

3

( ,{T)u,=( ,{r)uo(a+bx, '),
where

(cr, u )o——7.8 X 10 (100/mz)

X[1+(m-/ms) j m-2 cm'sec

o =gq/'[1-(~, /~-, )2]'"(~,/m, )',
f

b=2+q/ [1—(m//m )2)i~2.
f

(51a)

(51c)

(51d)

In contrast with the particle candidates discussed hereto-
for, the survival of relic photinos depends on (at least) two
parameters, m- and mg'.

X
0-/g

& yp
=24.6

g
2 2

P?2-|'X, l+mg
(52)

Figure 4 shows the I- vs m~ relation for Q-h~&2 ——1.
For stable photinos the shaded region to the right and
below this curve is excluded. The dashed curve shows the
locus of m-, mz values for which Q„hi~2 ——0.04. In the

region to the left of this curve, photinos would be dynami-
cauy unimportant (Q ~QN) We also show. the m-=ms
line in Fig. 4. The region above this line is excluded if the
photino is the lightest supersymmetric particle. Note that
if the photino is the LSP and if m exceeds -50 GeV,

y

In (50), Q& (m~) are the charge (mass) of the fermion in

yy~ff. Q/=q/v'4@a, where a is the fine-structure

constant and q/ is the charge in units of the electron
charge. As with Majorana neutrinos, photinos —which

are Majorana particles —have suppressed s-wave annihila-

tion at low energy. In the early Universe,

photinos are dynamically important (Qf &Qz, Qf&{/2
& 0.04).

For "cold" annihilation in the Sun ( v ~0)r

({f,u)&=({f,u)~; from the dependence of a on the
charges and masses of the final-state fermions we may
determine the various branching ratios. Annihilation to
ordinary neutrinos is absent and, for m z

& 8

().60, g, -().24, g s —0. 13; for details see Ref. 18.

Photinos scatter in the Sun mainly from hydrogen with

a cross section' dominated by scalar —up-quark exchange.
For ms»m,yl

k4 2
mH

O'-H =0.91
3 m& mH+m

'2

(53)

80-
0
D
45

60-
Ol
Cl
X

0 50 {OO {kO 2hO 250

Scalar Quark ifermiae Mass {Gev)

FIG. 4. Curves for the relic density of photinos (Q„h I/2 ) are

shown in ihe photino-mass (m )—scalar-ferrnion-mass (m~)
y

plane. Stable photinos in the right-hand shaded region would

contribute in excess of the critical density. Photinos above the

m =ms line would not be the LSP.
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t~(100~~s ) (Gyr) A'/X,
q

1.0
1.5
2.0
2.5
2.6
2.7
2.8
2.9
3.0
3.1
3.2
3.3
3.4
3.5
3.6

4.5
3.4
0.55
0.41
0.39
0.38
0.37
0.36
0.35
0.34
0.34
0.33
0.32
0.32
0.31

4y 10'
4y10'
8 &&10'

7.8
3.2
1.3
0.53
0.22
0.091
0.038
0.016
0.0064
0.0027
0.0011
0.0005

1g 10-'
1y10-'
6&&10-4
0.064
0.15
0.34
0.60
0.80
0.91
0.96
0.99
0.99
1.0
1.0
1.0
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TABLE VII. Event rates for photinos with 0 h ~~2
——1.

1

2

8

12
16
20
24
28
32
36
40
50
60
70
80
90

100

24
45
55
62
76
88
99

108
116
124
131
138
144
158
170
180
190
199
207

5.3
4.1

2.0
1.2
0.72
0.49
0.36
0.27
0.27
0.17
0.14
0.09
0.06
0.05
0.04
0.03
0.02

0.30
0.46
0.47
0.43
0.38
0.34
0.28
0.25
0.22
0.17
0.13
0.11
0.09
0.07
0.06

11
8.3
4.4
2.8
1.9
1.4
1.1
0.88
0.70
0.59
0.50
0.35
0.25
0.21
0.17
0.13
0.10

detectors following capture by the Sun and subsequent an-
nihilation. A constraint on the masses of the candidate
WIMP's follows from the requirement that the present
density not be too large: Qxh»2 &1; particles whose
masses are such that this constraint is violated must be
unstable.

For Dirac neutrinos, the density constraint requires that
m, &3.6 GeV; for m„&15 GeV, Dirac neutrinos are

dynamically less important than nucleons (Q„&Qiv).
Dirac neutrinos with masses in the ranges & 38 GeV and
& 56 GeV, yield a significant rate from annihilation pro-
duced energetic neutrinos (see Table I and Fig. 2). Such
an event rate should be (have been) detectable. Implicit in
our analysis, however, has been the assumption of
particle-antiparticle symmetry (Nx ——Ny). For photinos
and Majorana neutrinos which are their own antiparticles,
this assumption plays no role. Furthermore, since scalar
neutrinos annihilate with themselves (v;v;~v;v;), asym-
metry would not change our results there either. Howev-
er, for Dirac neutrinos, the assumption of symmetry is
crucial. For degenerate Dirac neutrinos (N~ &&N„or,
vice versa) annihilation can be suppressed; this possibility
is being investigated by [D. Seckel (private communica-
tion)j.

For Majorana neutrinos, Q„h»z & 1 for m „&5 GeV

and 0, &Q~ for 27&m &78 GeV. For masses in the

range &38 GeV and & 57 GeV, the expected event rate
due to annihilation neutrinos (see Table IV and Fig. 3)
exceeds 1 per kiloton year. As with Dirac neutrinos, mas-
sive Majorana neutrinos, if they are the halo dark mass,
yield, through their capture by the Sun, a detectable event
rate.

It must, however, be emphasized here that such massive
(Dirac or Majorana) neutrinos are not expected to be
stable on a cosmological tiine scale (to —10—20

Gyr=3 —6X10'7 so:). For example, a heavy neutrino
could decay via vx~1m very rapidly

rx =2 X 10-iomx(-'
~

Ux,
~

-' (sec),

provided that the vx-lepton (e,p, r) mixing is not incredi-
bly small (for ~x) ro I Uxi I

&2»&1o "mx '")
very unlikely, then, that massive Dirac or Majorana neu-
trinos are viable cold-dark-matter candidates.

Scalar neutrinos are problematic as cold-dark-matter
candidates. In many models, the scalar neutrino annihila-
tion cross section is very large and this results in very few
v surviving the early Universe (Q-, is "usually" very small:
Q„«Q&). In some—not very "natural" —models it inay
be possible to tune the annihilation cross section so that
Q Jti&z ——1 (Refs. 20 and 21). If, indeed, v are the dark
mass of the halo, the expected event rate from capture by
the Sun followed by annihilation (vv~vv) is enormous
(see Table V) for m„& 3 GeV (if the LSP is v, or v„) or
for m-„& 8 GeV (if the LSP is v,).

Of the WIMP's we have considered, photinos remain as
possibly viable cold-dark-matter candidates. For photinos
there are (at least) two adjustable parameters: the photino
mass m and the scalar-fermion mass mz. Dynamically
interesting photinos are restricted to have m-, rn& in they&

area shown in Fig. 4. Photinos with m„&2.9 GeV (see
Table VI) will be captured and retained by the Sun long
enough to accumulate in the core and annihilate. In Fig.
6 is shown the locus of m-, mq corresponding to several
(total) event rates due to annihilation neutrinos. Event
rates in excess of those indicated on the curves are found
to the left and above the curves. Also shown in Figs. 5
and 6 is the line corresponding to the accelerator limit to
mz,' m& &60 GeV is excluded by the UA1 data. Note
that if we impose the constraint that mz exceed -60
GeV, photinos —if they are the LSP—are always dynami-
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FIG. 7. For photinos, the excluded (shaded) regions of the
m -ms plane —assuming Rr & 1 is detectable —are shown (see

the text).
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FIG. 8. The differential neutrino-induced event rate (for all
neutrino flavors) from the annihilation of photinos captured by
the Sun for m =3,8, 12 GeV; in each case mq has been chosen

so that Qp Iqq' ——1 (see Table VII}. Dashed line shows the back-

ground due to atmospheric neutrinos within a cone of half-angle
37'.

cally important; for ms & 60 GeV, Q-hi&22&0. 06.
As an illustrative example, in Fig. 7 we show in the

m -ms plane the curves for Q-„hiq2 ——1, R„,=l, and

ms ——60 GeV. The shaded region to the right and below
the curve Q-hi~2 ——1 is excluded by the density con-

y
straint. Accelerator data excludes the region ms & 60
GeV. If it should prove possible to reach a level of —1

event per kiloton year in the underground detectors, pho-
tinos with m-, ms in the area to the left and above the
curve labeled 8„,=1 would be detectable or excludable.
Since a variety of m„,ms combinations may allow pho-
tinos to be the cold-dark matter of the halo of the Galaxy,
it is desirable to study the expected event rate from y cap-
tures in the Sun in more detail.

It should first be emphasized that the energetic neutri-
nos from y annihilation in the Sun carry directional infor-
mation. For the charged-current interaction of & GeV vs
an angular resolution of (37' is reasonable (the higher
the v energy, the better the resolution), the atmospheric
background, to which the y-annihilation signal should be
compared, is reduced by a factor of & 10.

Spectral information can be employed to further distin-
guish atmospheric background neutrinos from annihi-
lation-produced neutrinos. The differential event rate (per
unit energy interval} for the background signal is concen-
trated at low energy in contrast with that from the annihi-
lation of relatively massive photinos (recall that

{E,) = —,
' m-). To illustrate this effect we have, in Fig. 8,

compared the differential event rates from atmospheric
background neutrinos (divided by 10 to account for those

within 8(37'} with those predicted for several values of
the photino mass with mz adjusted so that Q-h)g2 ——1.
We note that even though the total event rate from y an-
nihilation decreases with increasing m- (for Q„h, &2

——I,
see Table VII), even relatively high-mass photinos will
produce neutrinos which should be distinguishable above
background.

We have, so far, computed the event rate due to neutri-
nos which interact in the detector. However, p neutrinos
of sufficiently high energy can interact in the rock sur-
rounding the detector and produce muons which pass
through the detector and are recorded. At sufficiently
high neutrino energies this signal becomes comparable to
(and eventually exceeds) the signal from interactions in-
side the detector volume.

The external signal can be written as

=P (E )P„„(E„)+g(E„)P-„„(E„), -Y V V~III V (56)

where ltl„=g is the neutrino flux from Eq. (1}and P„(P„)
is the probability that a neutrino (antineutrino) of energy
E„aimed at the detector sends a muon into the detector
with energy above threshold (E&p) for detection. P„ is
essentially the neutrino cross section times the number of
target nucleons per unit area within muon range of the
detector. Since both o„and muon range increase linearly
with energy, I'„ is proportional to E„until the range and
cross section cutoff at high energy. Neglecting the contri-
bution of antiquarks to vz+X~p+anything, a simple
approximation for P„ isi

Ngop (E„—Eqp)2 3 1 E„pP(E„)=P„+P„ +— +— (57)a 2 2 3 E„6 E

where o'0-0.7X10 cm GeV ' and a=0.002 GeVcm /g is the energy-loss rate of muons due to ionization. Equation
(57} is valid for E& (E„«500GeV where ionization is the dominant energy-loss mechanism for muons. The rate of
contained vertices per year [see Eqs. (1)—(6)] is

f72g
R; Vk, ——190( ,Nx) QBxf f {7}f, —kt'

4v'8 f
In contrast the external v&-induced rate is

(5g)
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R~(external) =600( —,
'
Nz) +8zgBI„A ioooFII„ (59)

4~8. ' &

where A iooo is the projected area of the detector normal to the muon trajectory (in units of 1000 m ) and
'2'I

i (V —3'o) 3 1 3'o 1 3'o—+— +-
&o 2 2 3 y 6 y

(60)

In Eq. (59) F is the fraction of time the Sun is below the horizon (only upward muons can be identified as v induced be-
cause of the huge background of downward atmospheric cosmic-ray muons). Then, for E ~&500 GeV, the ratio of
external to internal signal is

R„(external) 3.2& iooomz

V~ gR; (contamed } Vk,

Q~Xf+fv& I
XX~e~I
i f

To evaluate I we transform Eqs. (26) and (27) into the la-
boratory frame and use the average of g,„and gb„——g
namely,

g0»= —", --,'z'+ i~' (62}

F= , and the—ratio of branching ratios in Eq. (61) is also
=—,'. Figure 9 displays the ratio of events of external ori-
gin to internal events for 2 iooo/Vk, ——0. 12, approximately
the parameter of the Irvine-Michigan-Brookhaven (IMB)
detector. External and internal rates for various m- are
compared in Table VIII assuming Aiooo ——0.4, Vit, , =3.3
and 0-h i&2

——1. For high-mass photinos (m„-& 20 GeV),
the external events dominate over the contained events
and, therefore, may help to detect or exclude such high-
mass %IMP's.

If, indeed, photinos were to account for the dark mass
of the Galaxy halo, occasional yy annihilation would
occur in the interstellar medium. Among the products of
such annihilation mould be high-energy y rays, positrons,
and antiprotons. 2 For example, Silk and Srednicki sug-
gest that annihilation of photinos with m =3 GeV and

F27
ms -50 GeV may account for the observed, 2 low-energy
flux of cosmic-ray antiprotons. In contrast, Stecker, Ru-
daz, and Walsh suggest the same flux be accounted for

by photinos with m-=15—20 GeV and m~-30 —25
GeV. Finally, Hagelin and Kane have explored a
variety of models (combinations of m- and ms) and findr
possible fits to the data with m- =3—7 GeV and ms -75

v'

GeV. The UA1 data would seem to exclude those cases
with ms (60 GeV (Ref. 22). Even ignoring this con-
straint, the expected event rate from annihilation in the
Sun provides a constraint on these models. In Table IX
we evaluate 0-hi&2 and, more to the point, R„, for a

y
variety of choices of m-„and ms. The suggestion by
Stecker, Rudaz, and Walsh2 for the origin of the cosmic
ray flux of antiprotons is clearly excluded. Depending on
the actual sensitivity of the underground detectors, the
other suggested possibilities can most likely be excluded
too. It must, however, be noted that for m (2.9 GeV,
because of evaporation from the Sun, photinos may be re-
sponsible for significant fluxes of y rays, positrons, or an-
tiprotons and yet not give rise to an excessive flux of an-
nihilation neutrinos. Such very light photinos, however,
overclose the Universe since, for ms & 60 GeV,
Q&Ii i~2 & 1 (see Table VII and Fig. 4).

In summary, capture by the Sun and subsequent annihi-
lation which results in high-energy (ordinary) neutrinos

FIG. 9. The ratio of external (p-induced} to internal (con-
tained) events for the parameters of the IMB detector as a func-
tion of the photino mass for two choices of muon threshold en-

ergy.

R„(yr ')'m (GeV)

3
4
8

12
16
20
24
28
32
36
40
50

35
27
14
9.1

6.3
4.7
3.6
2.9
2.3
1.9
1.7
1.2

0.07
0.4
2.3
3.5

4
4
4

3.5

'External events with a muon energy threshold of 2 GeV.

TABLE VIII. Comparison of contained and external events

from photinos with 0 hindi = l.

R„,X3.3 kt (yr ')
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TABLE IX. Relic photino density and photino event rates for several choices of m„and ms.

ms (GeV)

50'
75

100
50
75

100
50
75

100
30
25

'Silk and Srednicki (Ref. 1) for p.
Stecker, Rudaz, and %alsh (Ref. 26) for p.

0.87
3.9

11
0.53
2.3
6.6
0.23
1.0
2.9
0.020
0.011

15
3.0
0.9

17
3.3
1.1

22
4.4
1.4

120
130

detectable in underground experiments provides signifi-
cant constraints on WIMP candidates for the dark matter
in the halo of the Galaxy. Dirac neutrinos can most likely
be ruled out as cold-dark-matter candidates since, for
those masses for which they are dynamically significant,
the predicted event rate is large (for m„=3.6—15 GeV,

R„,=7—17 events per kiloton year). Similarly, dynami-
cally important Majorana neutrinos (m„=5—27 GeV)

would result in R„,=5 events per kiloton year. In any
case, such massive neutrinos are not expected to be stable
on cosmological time scales.

Scalar neutrinos are possible cold-dark-matter candi-
dates provided that various model-dependent parameters
can be tuned to ensure a significant abundance of relic
scalar neutrinos. Such cosmologically interesting scalar
neutrinos would, however, give rise to an enormous flux
of annihilation neutrinos provided that m-„& 2.8 GeV.

Of the WIMP's we have considered, photinos are the
remaining, potentially viable, candidates for the dark
matter in the Universe. Although very light (rn- &2.9
GeV) photinos are not subject to the constraints from the
underground detectors, they would overclose the Universe

if mq & 60 GeV, as is suggested by accelerator data (see
Fig. 4}. The combined constraints from the expected
event rate and the universal mass density may be used to
exclude significant regions in the m vs m-s plane (see

y
Fig. 7). Only relatively high-mass photinos (&25 GeV)
seem capable of escaping these constraints (see Fig. 7).
The door is slowly closing on several cold-dark-matter
candidates.
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