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In this paper we study the cosmological consequences of the minimal supersymmetric extension
of the standard model in the case that the neutralino is heavier than the 8". We calculate the cross
section for annihilation of heavy neutralinos into final states containing gauge and Higgs bosons

(yy~ 8'8', ZZ, HH, HW, HZ) and combine these results with those previously obtained for annihi-
lation into fermions to find the relic cosmological abundance for the most general neutralino. The
new channels are particularly important for Higgsino-like and mixed-state neutralinos, but are sub-

dominant (to the fermion-antifermion annihilation channels) in the case that the neutralino is most-

ly a gaugino. The effect of the top-quark mass is also considered. Using these cross sections and the
cosmological constraint 0-h'~ 1 we map the entire range of cosmologically acceptable supersym-

metric parameter space and find a very general bound on the neutralino mass. For a top-quark mass
of less than 180 GeV, neutralinos heavier than 3200 GeV are cosmologically inconsistent, and if the
top-quark mass is less than 120 GeV, the bound is lowered to 2600 GeV. We find that a "heavy"
neutralino (m- )m &) that contributes Q--1 arises for a very wide range of model parameters and

makes, therefore, a very natural and attractive dark-matter candidate.

I. INTRODUCTION

Low-energy supersymmetric theories provide an
elegant solution to the hierarchy problem and have been
extensively studied in recent years. ' In most models, the
lightest supersymmetric particle (LSP) is stable and
makes an attractive candidate for the dark matter known
to exist throughout the Universe and especially that in
galactic halos. ' In the minimal supersymmetric model,
the most likely LSP is the neutralino —a linear combina-
tion of photino, Higgsino, and Z-ino fields. Initially, Ellis
et al. and more recently Griest have shown that, if it
exists and is stable, it very naturally has a relic abun-
dance near closure density, and thus probably comprises
a significant component of our galactic halo independent
of the parameters of the supersymmetric model. Howev-
er, with the exception of the very recent work of Olive
and Srednicki, it has been implicitly assumed that the
mass of the neutralino, m-, is less than the 8'mass. Im-

portant new annihilation channels open up when
m- & m~ and because the relic abundance is determined

by the total annihilation cross section, it is crucial to in-
clude these new channels. In particular, the results of
Refs. 4 and 5 were found considering only the reaction
j'j'~ff, where f is a quark or lepton, while for
m- & m~ final states such as W+ W, ZZ, and states in-

volving Higgs bosons must also be included. For Dirac-
neutrino dark matter, it was shown by Enqvist, Kainu-
lainen, and Maalampi that the gauge-boson final states
dominate as the neutrino mass increases, and we show
that the same is true for the neutralino in some regions of
supersymmetric parameter space. Olive and Srednicki
have also addressed the case of m- & m~ in the specific
case that the neutralino is a Higgsino or gaugino; we will
have more to say about their results later.

Since a supersymmetric solution to the hierarchy prob-
lern requires a relatively light LSP, an "extremely" mas-
sive neutralino is not very attractive; however, masses in
the 100-GeV range are entirely reasonable, especially as
unsuccessful accelerator searches push the possible
masses of the supersymmetric particles upward. In this
paper, we consider in detail the possibility of neutralino
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dark matter heavier than the 8', i.e., m ~ m~. Regions

of parameter space that are ruled out due to an excessive
relic density of neutralinos are identified and the cosmo-
logically viable range of neutralino masses is found to be
in a range that is also suitable for solving the naturalness
problem. We also show that the cosrnologically accept-
able supersymmetric models naturally predict relic abun-

dances in the range appropriate for supplying the bulk of
the dark matter. We find both of these results encourag-
ing.

The plan of this paper is as follows. In Sec. II, we de-
scribe the low-energy supersymmetric model upon which
our calculations are based and describe the calculation of
the relevant annihilation cross sections. The complete
calculation is done for the O'+W, ZZ, and neutral
Higgs final states, and reasonable estimates are made for
the charged-Higgs- and mixed Higgs-boson-gauge-boson
final states. We then compare the cross sections for these
channels to those previously computed for the fermion-
antifermion final states and map out the regions of super-
symmetric parameter space where the new channels are
dominant and the regions where they can safely be ig-
nored In S.ec. III, we identify those regions of M-p space
that are ruled out by cosmological considerations and ob-
tain a maximum mass for a cosmologically viable neu-
tralino. In Sec. IV, the remaining cosmologically accept-
able regions of parameter space are mapped out and it is
shown that for most models, an interesting relic abun-
dance (0.01&Q &1) is possible, if not probable. Section
V is a summary of the paper and the four Appendixes
contain the detailed expressions for the cross sections as
well as their forms in several useful limiting cases.
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the lightest scalar m 0 (see Refs. 10 and 11}. In these
2

models the masses of the neutral Higgs particles satisfy
m&0 & mz mHO & mzcos2p, and m~0 & m O & m o. The

1 2 2 3 1

charged Higgs particles are both heavier than the 8'.
Feynman rules as well as mass matrices and other
relevant formulas for the Higgs particles can be found in
Refs. 10 and 11.

Although the analysis of the heavy neutralino can be-
come very involved, many results can be understood in
terms of the neutralino properties displayed in Fig. l.
The broken curves in Fig. 1 are neutralino mass contours
in the M-p, plane, and the solid curves are the gaugino
fraction (defined as Z„, +Z„z } of the neutralino. In Fig.
1, tanp=2 is assumed; however, these curves are relative-
ly insensitive to the value of tanp. The mass contours are
hyperbolas that asymptote to m- =

~ p ~
for large M and to

m =M-'=M/2 for large ~p~. For large values of ~p, ~
and

M, models where the neutralino is half Higgsino and half
gaugino fall along the line p =—', M tan 8~=M/2. In the
regions where the gaugino fraction is greater than 0.99,j
is almost a pure B-ino state (Z„,= 1 and Z„;=0 for i %1}.
(When M'=

—,'M tan 8~, the lightest neutralino cannot
both be a pure photino and heavier than the W.) When

II. MODEL AND CROSS SECTIONS

We start with the minimal supersymmetric extension
of the standard model as described by Haber and Kane'
and follow their conventions and notation throughout.
In these models there are four neutralinos, linear com-
binations of the partners of the photon, Z, and two neu-
tral Higgs bosons; we refer to the lightest (the nth neu-
tralino) as the neutralino and denote it as y:

y=Z„)B+Z„2S' +Z„3H]+Zg4H2
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where (Z); is the real orthogonal matrix that diagonal-
izes the neutralino mass matrix. In addition, there are
two charginos, linear combinations of the partners of the
charged Higgs and gauge bosons. The neutralino and
chargino masses and mixings are determined by three ar-
bitrary parameters: two mass parameters p and M,
and the ratio of Higgs vacuum expectation values,
tanp=uz/u, . In addition, there are scalar quarks and
scalar leptons whose masses are arbitrary, but to simplify
matters, a single common squark and slepton mass mj, is
assumed. Finally, there are the two requisite Higgs dou-
blets which give rise to two neutral scalars H

&
and H2, a

neutral pseudoscalar H3, and two charged Higgs bosons
H+ and H . The masses and couplings of these particles
are determined by p„M, and tanp, as well as the mass of
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FIG. 1. Lightest neutralino composition and mass for
tanP= 2. The broken curves are contours of constant neutralino
mass m-, and the solid curves are contours of constant gaugino
fraction (Z„& +Z„2 ); in (a) p & 0 and in (b) p (0.



the gaugino fraction is less than 0.01, g is very nearly a
pure Higgsino state (Z„&=Z„2=0}.

In order to calculate the relic abundance we need the
total cross section for annihilation of neutralinos into all
lighter particles. The result for ff final states, where f is
a quark or lepton, has been calculated previously and ap-
pears (with corrections) in Appendix D. Other possible
final states include the gauge bosons 8'+ S' and ZZ, the
six possible combinations of two neutral Higgs bosons
(H,H, , H, H2, H2H3, etc.), the charged Higgs bosons
H+H, and the five Higgs-boson-gauge-boson final
states W+H, W H+, ZH, , ZH2, and ZH3.

Consider the gauge-boson final states first. The Feyn-
man diagrams for yj'—+ W+ W are shown in Fig. 2, and
the diagrams for yy~ZZ are shown in Fig. 3. There are
a total of seven diagrams contributing to the WW final
state and ten to the ZZ final state. The complete cross
sections are given in Appendixes A and B. The calcula-
tion of these cross sections is a tedious process with am-
ple opportunity for error; moreover, the final expressions
for the cross sections are long. Fortunately, unitarity
provides a very nice check. The contributions of the indi-
vidual Feynman diagrams in Fig. 2 to the cross section
for annihilation into W+ W contain terms proportional
to s, the center-of-mass energy squared. However, each
partial wave of the complete matrix element must be
bounded by a constant which implies that as s~ (x), the
total cross section must be proportional to s '. For this
to occur, a highly nontrivial cancellation must take place
between the squares of the seven individual diagrams and
the 21 interference terms. The formulas for the total
cross section presented in Appendix A (as well as those
for the ZZ final state presented in Appendix B) do indeed
exhibit this behavior. In addition, in the low-energy lim-
it, relative velocity v~0, the total cross sections reduce
to simple squares, Eqs. (A10) and (B7). The correct
high-energy behavior of the total cross sections as well as
the fact that the cross sections simplify in the v ~0 limit
give us some confidence that our complicated expressions
are correct.

The Feynman diagrams for gy~H;H are shown in
Figs. 4 and 5, and the resulting cross sections are given in

H(

Z'

Xi

FIG. 3. Feynman diagrams for neutralino annihilation into
ZZ final states. The index i runs from 1 to 4.

Appendix C. None of the squares of the individual dia-
grams for these channels diverge for large s, so unitarity
cannot be used to check our results. Moreover, there is
no particular use in obtaining expressions that are exact
in s. Therefore, we have obtained expressions that are
correct only to order v, which simplifies matters greatly.
The Higgs-boson channels tend to be subdominant to the
gauge-boson and fermion-antifermion channels for most
of the heavy-neutralino parameter space; however, some
of the H; H final states are quite important when
m &m~, and the effect of Higgs-boson final states on
light neutralinos is considered in another paper. ' As a
check, a symbolic manipulation program (MACSYMA}
was also used to derive these cross sections and numerical
agreement between the MACSYMA results and the for-
mulas of Appendix C was found.

We have completed preliminary calculations for the
mixed Higgs-boson —gauge-boson final states, but do not
include those results here because these channels seem to
be subdominant. Since the matrix elements for these
channels contain couplings that appear in the pure-
Higgs-boson or gauge-boson final states, the cross sec-
tions for the mixed channels should lie between those for
the Higgs-boson final states and those for gauge-boson
final states. Since the cross sections for the Higgs-boson
final states and those for the gauge-boson final states are
rarely of the same magnitude for heavy neutralinos, the
mixed states should be negligible. Numerically, our pre-
liminary results support this hypothesis.
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FIG. 2. Feynman diagrams for neutralino annihilation into
W+ 8' final states.

FIG. 4. Feynman diagrams for neutralino annihilation into
H;H, - final states where c;=cj. There are a total of ten dia-
grams since the index k runs from 1 to 4.
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FIG. 5. Feynman diagrams for neutralino annihilation into
H, H, fina states where c;Ac, (HzH3 and H 1H3 only). The in-
dex k runs from 1 to 4.

To see the importance of the bosonic final states, we
compare the newly calculated cross sections with the pre-
viously calculated annihilation cross section (ff final
states only). Unfortunately, even with the simplifica-
tions already made, a six-dimensional parameter space
(p, I, tan@, mHO, m j, and the top-quark mass m, } must

be explored. To simplify matters we consider only three
values of m: m - =m-, m - =2m-, and m - = 00. RecallJ r' J r'
that m- provides a lower limit to the squark mass since jx

is assumed to be the LSP. When using m 7
=m-, the im-

portance of the new (bosonic) final states will be underes-
timated because mj appears only in the denominator of
the cross section into ff. The opposite liinit, mj,

——00,

suppresses the fermion channels greatly, so by consider-
ing both limits the sensitivity of our results on mj/m-
ean be seen.

To simplify further, we will set m 0 =0. The lightest-
2

Higgs-boson mass m o determines a Higgs mixing angle
2

a, and coupling constants of the Higgs bosons depend
only trigonometrically on a. When annihilation into all
bosonic final states is considered, the total cross section is
relatively insensitive to the choice of m 0 provided that

2

the neutralino is heavy enough that threshold effects are
unimportant. (As discussed in Ref. 12, the value of mHp

2

is important for light neutralinos. ) For the cases present-
ed below, we have confirmed numerically that the results
are insensitive to value of m 0. We have included

2

Higgs-boson exchange in the fermion channels, but for
very massive neutralinos this efFect is not important. As
discussed in Ref. 12, Higgs-boson exchange can be impor-
tant, but only when near a pole.

Using rn&=m and m -0 =0, we show in Fig. 6 the re-
2
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FICx. 6. Hatch plots that illustrate the importance of the various channels for neutralino annihilation in the early Universe
{U =

4 ). In the areas "hatched" with positively sloped lines, annihilation into fermion final states dominates by at least a factor of
10; in the regions marked by negatively sloped lines, annihilation into gauge-boson final states dominates by at least a factor of 10;
and in the regions hatched with horizontal lines, annihilation into Higgs-boson final states dominates by at least a factor of 10. In the
regions hatched by vertical lines, several final states contribute comparably to the annihilation. Here mJ=I- is used throughout.
The values of m, and tanP, and the sign of p are as indicated. Hatch plots for other values of m, and tanP are qualitatively similar.
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gions of the M-p plane where the new final states are im-
portant for several values of tanP and m, and for a
neutralino-neutralino relative velocity of v =—,

' (relevant
for annihilation in the early Universe around "freeze-
out"). In the regions "hatched" with positively sloped
lines, the annihilation cross section into fermion final
states is greater than that into gauge and Higgs bosons by
at least a factor of 10. In the areas hatched with nega-
tively sloped lines, the gauge-boson contribution to the
annihilation cross section is at least ten times as great as
that of the Higgs and fermion channels, and in the re-
gions hatched with horizontal lines, the Higgs-boson con-
tribution dominates that of fermions and gauge bosons by
at least a factor of 10. In the areas hatched with vertical
lines, none of the three contributions dominate by more
than a factor of 10.

The analogous plots for a relative velocity v =0 are
very similar and so are not shown. We remind the reader
that there are two distinct energy regimes of interest for
jj' annihilation: v2= —,', typical of the early Universe
around "freeze-out" when the annihilation cross section
determines the relic abundance of neutralinos; and
v

2 = 10 6=0, characteristic of the neutralino annihila-
tions in the galactic halo or in the body of the Sun or
Earth, which may prove to be an interesting source for
high-energy cosmic rays or neutrinos. Since the relative
velocity is small in both regimes, an expansion to first or-
der in powers of U is a good approximation for the total
annihilation cross section harv. In the early Universe, one
might expect the U term in 0 U to be smaller by a factor
of v /4= —,'„but for Majorana particles such as the neu-
tralino, the U term may be suppressed and the v term
may actually dominate. ' For present-day annihilations
with v /4 (10,the v term in the cross section is never
important. Even if the v term vanished at the tree level,
one would expect higher-order corrections and/or three-
body final states to overwhelm the v term in this velocity
regime. ' Given the different possible structures of the
cross section in the two velocity regimes, it may be
surprising that the figure corresponding to Fig. 6 with
v =0 (not shown) looks so similar. In regions of large
neutralino mass this similarity occurs because the cross
section for annihilation into gauge bosons and top quarks
has no s-wave (v term) suppression. In the regions of
small m-, the similarity is due to our assumption that
m 0 =0. The HzH3 channel in particular is always open

2

and has no s-wave suppression. If we use larger (and
more realistic) values for m o so that annihilation of

2

light neutralinos into Higgs bosons is kinematically for-
bidden, the behavior of the total annihilation cross sec-
tion in the galactic halo differs from that in the early
Universe. We address this further in Ref. 12.

From Fig. 6 we see that the gauge-boson final states
dominate the annihilation cross section when p is small
which corresponds to a "Higgsino-like" neutralino state.
In this case, Z„,=Z„z=o and ~Z„z~ = ~Z„4~ = I/&2, and
the annihilation into W+ W (ZZ) proceeds through the
t and u-chann-el exchange of the lightest chargino (neu-
tralino) with couplings that only depend weakly upon
tanP For mj, =. m-, annihilation into fermions proceeds

(a) tanP=2 rn, =60 mr=2mx v =1/4
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FIG. 7. Same as Fig. 6(a) but with m- =2m-.f x'

mainly through t -and u-channel exchange of the squark,
and from the form of the couplings in Appendix D, we
see that annihilation into the bb (tt ) final state increases
(decreases) with increasing tanP. This qualitative behav-
ior is seen in Fig. 6 where the size of the Higgs-boson-
dominated region decreases with increasing tanP. The
effect of the top quark shows up dramatically in Fig. 6
where fermion channels dominate along the top-quark
mass threshold when the top is heavy. When M is small,
corresponding to a "B-ino-like" state, the relevant cou-
plings for j'j'~ W+ W, ZZ are small (see Appendixes A
and 8) and the gauge-boson final states are unimportant.

For a neutralino that is either gaugino- or Higgsino-
like, the Higgs couplings are mostly small and those that
are non-negligible appear in diagrams where heavy virtu-
al particles (heavier neutralinos) are exchanged, so an-
nihilation into Higgs final states is relatively small. For a
neutralino state that is neither pure gaugino nor pure
Higgsino ("mixed state"), Higgs channels become tnore
important but our numerical results suggest that these
final states never dominate for very heavy (m-))mii )

neutralinos. In the mixed state" regions, several final
states generally contribute comparable amounts to the to-
tal cross section. We remind the reader once again that
in Fig. 6 the importance of the new channels has been un-
derestimated since we have set mj, =m-; of course, in

general mj, should be greater than m-, and m& could be
much greater than m-.
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2 agree with theirs. ' Because the authors of Ref. 6 do not
provide explicit formulas for their coefficients bQs we
cannot directly compare our order v terms with theirs.
However, we have done so indirectly by comparing our
numerical results for the relic neutralino abundance (see
the next section) with their graphical results; as best as
one can compare, the results agree. (When the relic
abundance freezes out the velocity-independent and
velocity-dependent terms are generally of roughly equal
importance. )
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III. COSMOLOGICAL CONSTRAINTS

Using the cross sections discussed in Sec. II and given
in the Appendixes, the relic abundance of neutralinos can
be found by integrating the Boltzmann equation

n-

dt
+3Hn = —(-ou)[n- (n—'-q) ],x

3000

~ 1000

300—

100

100 300 1000
(GeV)

3000 10000

FIG. 8. Same as Fig. 6(a) but with mf- = 00.

To illustrate the squark-mass dependence of our re-
sults, we set mj, =2m- in Fig. 7. As expected, the regions

of domination by fermion final states shrink and the re-
gions of Higgs-boson domination and those where no sin-

gle channel dominates grow. In Fig. 8, we minimize the
effect of the fermion channels by setting m&

= co, the op-
posite extreme of mj =m-. Even though fermions can

X
still be produced via a Z or Higgs-boson exchange, we see
that fermion final states hardly ever dominate in this lim-
it. It is also seen that the Higgs final states are more im-
portant for B-ino annihilation, while gauge-boson chan-
nels dominate for Higgsino states.

As just mentioned, these cross sections can also be used
for neutralino annihilation in the galactic halo or in the
body of the Sun or Earth. There are several interesting
possibilities for detecting the products from such annihi-
lations. In these cases, the limit v ~0 is appropriate and
the formulas simplify considerably. The cross sections in
this limit are displayed in Eqs. (A10), (B7), (Cl 1), and
(D6).

Finally, we compare our cross sections to those of Ref.
6 in the two limits where this is possible: a neutralino
that is a pure Higgsino or pure gaugino. In Ref. 6 the an-
nihilation cross sections are given in the form a Qs+ bQsx,
where x—= T/m =v /6, and only values for aQs are
presented. In the pure gaugino or pure Higgsino limit,
our results for a, cf. Eqs. (A10), (B7), (Cll), and (D6),

0-h2= xP

P,„I/i'

Y„som-
2

Pcrit ~~

=2.82X10 Y„(m-/GeV),

where the present critical density is pg t 1.05X10 h

eV cm, the present Hubble constant is 100h
km sec ' Mpc ' with 0.4 ~ h ~ 1, and the present entro-

py density is so =2970 cm
Expanding the total annihilation cross section in

powers of the neutralino relative velocity,

av =a +bv + (4)

it can be shown that an accurate approximation to the
neutralino relic abundance is given by

where n- is the actual number density of neutralinos, n'-q

is the equilibrium number density, H is the expansion
rate of the Universe, and ( ou ) is the total annihilation
cross section, thermally averaged and averaged over ini-
tial neutralino spins. Qualitatively, the number density of
neutralinos tracks its equilibrium value until the annihila-
tion rate I =n- (ou ), drops below the expansion rate H
("freeze-out"), after which a relic abundance of neutrali-
nos "freezes-in. " The freeze-out temperature Tf depends
logarithmically upon (ou), but generally occurs for a
value xf =m- /Tf =20-30.

While it is straightforward to integrate Eq. (2) numeri-
cally, because of the large number of times we must do
so, it is far more convenient to use an analytic approxi-
mation (good to about 5 —10%) for the relic abundance
instead. In this regard we have generally followed the
treatment detailed in Ref. 16.

After freeze-in, the neutralino abundance per cornov-
ing volume no longer drops rapidly, and it is therefore
convenient to rewrite the Boltzrnann equation using the
variable Y=n Is, where s =-2' g, T /45 is the entropy
density and g, counts the total number of effectively rela-
tivistic degrees of freedom. Then the fraction of critical
density contributed by relic neutralinos today is given by
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Y„=0.264g, mp&m- +a 3b

Xf

The freeze-out epoch xf is determined by

0.0764nt p&(a +6b /xf )c (2+c)nt-
xf —ln

1/2
g~Xf

(6)
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I I
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I I I I
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I fF' I

M=2050

M=950

M=500

which can be solved iteratively to the required precision.
Here mp] =1.22 X 10' GeV is the Planck mass and c is a
constant of order unity whose value is determined by
matching the approximate analytic solutions for x &xf
and x 2 xf. In practice, one chooses c to obtain the most
accurate approximation to Y„; we have used the value
c =

—,
' which results in a typical accuracy of about

5—lp%%uo —more than sufficient for our purposes here.
Figures 9, 10, and 11 illustrate the dependence of 0 h

on M and p for tanP=2 and rn, =60 GeV, for several
slices through the M-JM plane. The behavior of 0 h de-

pends on the mass and gaugino fraction of the neutralino
and the relative importance of the cross sections into the
various final states; therefore in the following the reader
is encouraged to frequently refer to Figs. 1, 6, and 8. In
Fig. 9, 0 h is shown as a function of M for several
values of p under the two extreme assumptions, m j =m

(solid lines) and m j = ~ (broken lines). Assuming
m j,=m, the relic abundance grows with increasing M
[and therefore increasing nt (Fig. 1)] while the neutrali-
no is mostly B-ino (Fig. 1) and the fermion channels
dominate (Fig. 6). This is because 0 —( a v )

X—m /m —m, due to our assumption that m =m/ r x' j x'
The neutralino mass density 0 h reaches a maximum

near the value of M where the neutralino is an equal mix-
ture of gaugino and Higgsino and drops quickly as the
gauge-boson channels begin to dominate and increase the
cross section (Fig. 6). For larger M, the neutralino is
mostly Higgsino and its mass does not change as M in-
creases further (Fig. 1), so 0 h levels off.
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FIG. 10. Relic neutralino abundance as a function of p for
several fixed values of M. Again the solid curves show 0„-h as-

suming mf =m-, and the broken curves show 0-h assuming
m-= ~ for the same three values of M. Again we have takenf
tanp=2 and rn, =60 GeV. Results for p &0 and other values of
tanP and m, are qualitatively similar.

The broken curve in Fig. 9 is similar to the solid curve
except that we have set mj, = 00, greatly suppressing the
fermion channels (Fig. 8). For small M, the neutralino is
B-ino-like (Fig. 1) and annihilates primarily into Higgs
bosons (Fig. 8). Since 0-h stays nearly constant, we can
conclude that the cross section in this region is nearly in-
dependent of m-. In fact, examination of the cross sec-
tion given in Appendix C shows that annihilation is com-
pletely dominated by the exchange of the heaviest neu-
tralino which is very nearly a pure Higgsino. (Exchange
of the lighter neutralinos is suppressed due to the lack of
a B-ino —B-ino —Higgs coupling. ) Since the mass of the
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FIG. 9. Relic neutralino abundance as a function of M for
several fixed values of p. The solid curves show 0-h assuming
m- =m- and the broken curves show Q-h assuming m -= ao.f X' X f
Here we have taken taup=2 and m, =60 GeV. Results for

p & 0 and other values of tanp and m, are qualitatively similar.

FIG. 11. Relic neutralino abundance as a function of M for
p = —',M tan e~, tanP= 2 and m, =60 GeV. Again the solid line

shows 0-h ' assuming rnf- =m , and the broken line shows Q-P
assuming rnf-= ~. Again we have taken tanP=2 and m, =60
GeV. Plots for y, &0 and other values of taup and m, are simi-
lar.
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heaviest neutralino is very nearly equal to p, we find a
cross section that is proportional to IM . For large M,
the behavior is determined again by annihilation into
gauge bosons and the suppression of the fermion channels
due to large m j makes no difference.

In Fig. 10, we show 0-h for three slices through the
M-p plane with M held constant as p increases, again for
mj =m- (solid lines) and mj = ac (broken lines). For
small p, the neutralino is mostly Higgsino (Fig. 1), an-
nihilates primarily into gauge bosons (Fig. 6), and m in--
creases with p (Fig. 1). Again 0-h —(ou) ' s-lm

X X-m-. Now, however, the switch to a Higgsino annihi-

lating into fermions results in a jump in 0-h (rather
than a drop as in Fig. 9). Again, for mj =m- (the solid

curves) and large values of p, 0-h levels off because m-
becomes constant for large p. The broken curves in Fig.
10 show 0-h when mj = ao, and we find that at small p,
the behavior is similar to the case where m j =m-. As p
increases further, the neutralino becomes B-ino-like, and
annihilation into Higgs bosons dominates (the fermion
channels being suppressed by m j,= 00 ). The relic abun-

dance increases with p because (tru ) —p as mentioned
earlier.

Finally, in Fig. 11 we show a slice of the M-p plane
along the line p= —,'M tan Hit, (which for large p corre-
sponds to a neutralino that is an equal Higgsino-gaugino
miXture) fOr m =m- (SOlid line) and mj = IIc (brOken

line). For small p„ the relic abundance dips as new an-
nihilation channels become kinematically allowed; how-
ever, as seen in Fig. 1, m- increases monotonically along
this line when the neutralino becomes heavy, and 0-h
increases with increasing m-, as it should. As expected
from Fig. 6, the relic abundance for mj, = ~ is slightly

higher than that for mj=m- since the fermion and
X

gauge-boson contributions are generally of the same or-
der of magnitude for a neutralino that is an equal
Higgsino-gaugino mixture.

The results shown in Figs. 9-11 are qualitatively the
same for p & 0 and other values of tanP and m, .

The age of the Universe at the present epoch (specified
by a photon temperature T =2.75 K) decreases with in-
creasing values of Qh . If one insists that the age of the
Universe today is greater than 10 Gyr and that h ~0.4,
the cosmological bound Q-h (Qh 1 follows. ' %e

X
now use this limit, 0-h + 1, to exclude regions of the M,
p, and tang parameter space. As mentioned earlier, rais-
ing mf lowers the annihilation rate which in turn in-

creases the relic abundance. As emphasized by Olive and
Srednicki, if we set mj =m- regions of parameter space
are excluded independently of the unknown squark mass.

In order to provide realistic limits, we mill consider
top-quark masses in the range 60 GeV+rn, ~ 180 GeV.
The lower bound follows from unsuccessful experimental
searches, ' and the upper bound follows from limits on
radiative corrections to sin eII, (Ref. 18). The range of
tang considered is 1 & tanp& m, /mb. The reason is that
for m, »mb, radiative corrections drive tanP=u2/u, to
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FIG. 12. Cosmologically excluded regions of the M-p plane
for several values of mI using tanp=2. The hatched areas are
those for which 0-h & 1 independent of m 0 and mf. Plots for

02
p & 0 aud other values of tanP are very similar.

a value greater than 1. In addition, in many supergravity
models, electroweak symmetry breaking only occurs if
tanp & m, /mb (Ref. 19).

In Fig. 12, we have hatched out the regions of the M-IM

plane (for tanP=2) that are cosmologically excluded for
our limiting cases, m, =60 and 180 GeV. (The results for
other values of tanP are qualitatively similar. The ex-
cluded regions for p (0 are similar to those for p )0 and
so are not shown. ) From Fig. 12 we see that a Higgsino-
like neutralino is constrained to be less massive than
about 3000 GeV; on the other hand, a B-ino-like neutrali-
no must be less massive than about 550 GeV. Note that
both bounds become more stringent as m, decreases.
Olive and Srednicki have obtained similar limits in these
special cases and values of m, and tanP.

To illustrate the dependence of our results on the as-
sumption that mj =m-, we show in Fig. 13 the cosmo-
logically excluded regions for mj, =IIc. The region of
Higgsino-like parameter space excluded is very similar to
the case shown in Fig. 12, but many more B-ino-like
states are excluded. This is because the fermion annihila-
tion channels are (are not) important for a 8-ino-
(Higgsino-)like neutralino.

As the neutralino mass becomes large, the annihilation
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FIG. 14. Cosmological upper bound to m- as a function of
tang for several values of the top-quark mass.

cross section decreases. Therefore, the constraint
0-h & I leads to a maximum cosmologically acceptable
neutralino mass. In order to find the maximum neutrali-
no mass consistent with cosmology we must search the
parameter space of M, p, tanP, and nt, . We did so as fol-
lows. For a given nt, and tanP, the M-p plane was
searched numerically for the largest value of m- con-
sistent with 0-h & 1. For rn, =60 GeV, the heaviest pos-
sible neutralino is mostly Higgsino, and neutralino an-
nihilation proceeds mainly into gauge bosons. For larger
values of m„ the heaviest possible neutralino is nearly
half Higgsino and half gaugino, and the fermion annihila-
tion channels are of comparable importance. In Fig. 14,
the maximum cosmologically acceptable neutralino mass
is shown as a function of tanP for several values of m, .
As mentioned before, we consider values of tanP between
I and nt, /ntb From Fi.g. 14 we see that for rn, &180
GeV, ' a neutralino mass greater than 3200 GeV is
cosmologically unacceptable. If the top-quark mass
should be about 120 GeV, then the neutralino must have
a mass less than around 2600 GeV. It is interesting that
the cosmological window for the neutralino mass roughly
coincides with that for solving the hierarchy problem.

These neutralino mass limits would weaken if larger
values of m, or more extreme values of tang were al-
lowed; we believe, however, that we have been generous
in the regions of parameter space explored.

For comparison, Olive and Srednicki have considered
the cases of pure 8-ino with m, =60 GeV and pure
Higgsino with m, = 00 using tanP=2 for which our re-
sults are consistent with theirs. We should emphasize
that we have considered the most general neutralino and
have allowed for all plausible values of m, and tanP. We
should also point out that the heaviest possible neutralino
of mass 3200 GeV is not a pure state.

Finally, we should mention the status of the "pure"
photino and "pure" Higgsino states which are frequently
considered in the literature as dark-matter candidates. A
pure photino is defined as Z„&=cos8~, Z„z=sin8~, and

Z„3 Z 4 0, while the Higgsino usually considered has

Z„,=Z„2=0, Z„3=sinP, and Z„4=cosP. When the neu-
tralino is light, an LSP state that is a pure photino plus a
correction of order m /m~ (where m is the photino
mass) exists, and is in fact common. Likewise, in the
low-mass limit there is a state that is close to the Higgsi-
no state defined above. Usually however, the above rela-
tions are assumed to hold without regard to the neutrali-
no mass matrix from which they arise. In fact, given the
unification assumption, M'= —', M tan Hs„an examination
of the mass matrix shows that neither of these states ex-
ists as the LSP for m- & m~. If the unification assump-x
tion is relaxed, a photino-like state of any mass is possible
and the relic abundance for these massive photinos can
be calculated in the same manner as for massive neutrali-
nos. Using mj &m, nt, &180 GeV, and Qh & I, oneyl
finds a maximum photino mass of around 600 GeV,
a number very similar to our limit for the more realistic
8-ino state. For the Higgsino state defined above, the
crucial Z-Higgsino-Higgsino coupling becomes
Z„3 —Z„4=cos 2P and such a state annihilates with the
cross section of a Majorana neutrino times the factor
cos 2P. For large mass however, this particular Higgsino
solution no longer occurs, and as discussed previously,
the actual large mass Higgsino-like solution has
Z„3 +Z 4 So we conclude that for discussion of super-
symmetric dark matter above the 8' mass, the photino
and Higgsino states that are usually considered are not so
relevant.

In closing this section, we should again remind the
reader that implicit in our calculation of 0 h was the as-

sumption that there was no significant entropy produc-
tion after the freeze-out of the relic abundances. If there
were significant entropy production —e.g., due to the
quark-hadron transition, electroweak symmetry break-
ing, or relic particle decays —and the entropy per cornov-
ing volume increased by a factor of y, then our estimate
for Q h would decrease by the same factor of y. On the
other hand, our cosmological upper bound to 0 h is

X
rather generous. Had we assumed that the Universe to-
day must be at least 13 Gyr old —a very reasonable lower
bound —the cosmological upper limit to 0 h would fallx
to about 0.4. Or if we insist that A=1 and that the age
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of the Universe be at least 10 Gyr, then h 0.7, and
Q h S0.5.

IV. HEAVY NEUTRALINOS
AS DARK-MA'I IKR CANDIDATES
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It should be noted that for almost any value of M and

p not cosmologically excluded, a relic neutralino abun-
dance of significance for the dark-matter problem, say
0.025 & 0-h & 1, can result. These models are interest-

ing because they o8'er an elegant solution to the dark-
matter problem and predict the existence of particles in
our galactic halo which may be detectable.

In Fig. 15, we show "scatter" plots of 0-h vs m for-
models taken from a grid of points in the M-p plane. For
light neutralinos (m- & ms ), the relic abundances

displayed underestimate the expected values because we
set mj =m-. Since the cross section for annihilation intox'
fermions (ou)ff--(mj+m ), if th-e squark is x times

heavier than the neutralino, the relic abundance for light
neutralinos is about a factor of (x + I) /4 larger than

10
tanP=2

I
[

I f ~ I I I I

m, =6O GeV mr=2mx
I I I I II 'RN$

that shown in Fig. 15 (assuming the Higgs channels are
negligible}. Some indication of this fact can be seen in
Fig. 16 where we have set mj =2m-. As expected, the
relic abundance for neutralinos that are mostly B-ino in-
creases roughly as described above. For reference, the
relic abundances that result when we set m J= ao are
shown in Fig. 17. In Figs. 15, 16, and 17 we arbitrarily
set m o =0 since for heavy neutralinos, the relic abun-

H~

dance is insensitive to this parameter. For light neutrali-
nos this is not the case. '

Now consider the relic abundance of very heavy neu-
tralinos. Note that for large masses, the relic neutralino
abundance seems to cluster along two lines. Along the
upper line, the neutralino is mostly 8-ino. Since annihila-
tion for a B-ino-like neutralino is dominated by the fer-
mion channels, one would generally expect a relic abun-
dance higher than shown here (where m&=m- ). This isx '

seen in Figs. 16 and 17 where an increase in mj, results in

larger values of 0-h . For a B-ino-like neutralino, 0- -1
X

occurs for a neutralino mass of around 100-300 GeV.
Along the lower line in Fig. 15 the neutralino is mostly

Higgsino. In this region, the gauge-boson annihilation
channels dominate the total annihilation cross section
and the results do not depend upon the assumed value of
mj, /m-; cf. Figs. 15-17. However, if the top quark is

very heavy (m, =180 GeV} the fermion annihilation
channels become comparable to the gauge-boson chan-
nels, even for a Higgsino-like neutralino. In this case the
importance of the fermion annihilation channels will de-
pend upon m&/m-: if this ratio is sufficiently large, the
gauge-boson channels will still dominate. The fact that
the Higgsino curves in Figs. 15(a), 16, and 17 are the
same illustrates this point. In any case, the "Higgsino
line" in Fig. 17 provides an upper bound to Q-h forx
Higgsino-like neutralinos, independent of m, and mj.
Note also that our results indicate that a Higgsino-like
heavy neutralino also provides a viable dark-matter can-
didate for a wide range of neutralino masses.

If Q-h &0.025, it is unlikely that the neutralino is the
primary component of the dark matter. However, such
neutralinos would still reside in our galactic halo as a
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minor component of the dark matter and might still be
detectable. We should remind the reader that there are
few cosmological relics, and even relics that contribute
only a small fraction of critical density are very interest-
ing. Moreover, independent of whether or not the relic
neutralinos are the primary component of the dark
matter, if detected, they still could provide the first evi-
dence for supersymmetry.

Unfortunately, a heavier neutralino is more diScult to
detect because for fixed mass density, the number density
is lower for heavier particles. In addition, the matrix ele-
ment for the interaction of a neutralino —or any dark-
matter particle —is typically related to the annihilation
matrix element by crossing symmetry, and the annihila-
tion cross section for particle dark matter is always of or-
der 10 cm sec '. ' Since, roughly speaking, the rate
for direct detection is proportional to the interaction
cross section with matter times the relic number density
and the number density is proportional to (m ) ', the

rate for direct detection is generally inversely proportion-
al to m . ' ' Similarly, the rates for indirect detection
schemes involving searches for the annihilation products
of neutralinos that annihilate in the Sun or in the Earth
depend upon the cross section for interaction with matter
times the number density. However, for indirect detec-
tion schemes involving searches for annihilation products
of neutralinos that annihilate in the galactic halo, the
rates depend on the annihilation cross section times the
square of the number density. This implies that for fixed
0, the rate for annihilation in the galactic halo falls off

roughly as m . On the other hand, the energy of the

decay products increases with increasing m and the

backgrounds at higher energies tend to be smaller.
To be more quantitative about indirect detection, in

Fig. 18 we show a scatter plot of the volume annihilation
rate I h, &, for neutralinos in the galactic halo as a function
of the neutralino mass for a wide range of supersym-
metric models. To simplify matters, we have assumed
that m, =60 GeV, tanP=2, and m 0 =0, and have used

2

both m j,=m - and m j = 00. Further, we have selected
values of p and M from a grid in the M-JM plane and elim-
inated models where 0 h ~1. For the local number

density of neutralinos n, we have used the following

simple model. For 0 Qh, ~„ it is reasonable to assume
X

that neutralinos comprise the halo dark matter and thus
n =ph„, /m . For 0 ~Q„,&„ it is very unlikely that

X X X
neutralinos comprise the bulk of the halo dark matter; as
a simple model we suppose that n =(Q-/Q„„,)(ph„, /
m . ). The second case corresponds to the situation where

neutralinos are a minor, " but potentially interesting,
component of the halo. To smoothly interpolate between
these two cases, we have used the simple ansatz

Phalo

1+Qh,i,h /Q-h

For ph, &, we use 0.3 GeV cm . Based upon the rotation
curves of spiral galaxies Qh, &,

——0.03-0. l (or greater since
there is no convincing evidence for the convergence of
the halo mass of any spiral galaxy); for definiteness we
have taken Qh, &,h =0.03. The volume rate for neu-

tralino annihilations in the galactic halo is then I h,&,

=n (o v)I„-O. One can see that the galactic annihilation

rate varies roughly as m: (as argued above). By using

m p =0, we eliminate the well-known s-wave suppression
H2

for light neutralino annihilation at zero velocity there-
fore, the galactic annihilation rates for light neutralinos
for larger values of m p will generally be smaller than

2

those shown in Fig. 18. An interesting consequence of
our model for galactic neutralino abundance is that the
galactic annihilation rate does not necessarily decrease
with decreasing relic abundance; this is because
Q-h ~ (o v) ' and for Q- + Qh, &„we have fixed n

X
Thus, even a neutralino that fails to solve the dark-matter
problem may prove to be an interesting candidate for in-
direct detection. Of course, here we have only considered
the rate for neutralino annihilation in the galactic halo.
To find expected experimental signatures, the branching
ratios for specific final states (e.g., positrons, neutrinos,
etc.) and the propagation of these annihilation products
must also be considered.
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V. CONCLUSIONS APPENDIX A: CROSS SECTION FOR yy~ W+ W

In this paper, we have studied in some detail the possi-
bility of a "heavy" neutralino (m )mn, ), mapping out
completely the cosmologically allowed regions of parame-
ter space. The main difference between a heavy and a
light (m &m)), ) neutralino is that additional annihila-

tion channels open up (various pairs of Higgs and gauge
bosons). We have calculated the annihilation cross sec-
tions into these new channels for a general neutralino
state. In large regions of the parameter space for the
minimal supersymmetric extension of the standard model
((M, M, tanP, mH&&, mj, and m, ) the new channels make a

substantial contribution to the annihilation cross section,
and for a neutralino that is Higgsino-like, the gauge-
boson final states ( W+ W, ZZ) often dominate all the
other channels by a factor of 10. On the other hand, for
a heavy neutralino that is gauginolike, the new final states
are typically subdominant. The new channels contribute
and cannot be ignored for neutralinos that are mixed
states.

Using our results for the new annihilation channels
along with previous results for the fermion final states, we
have calculated the total annihilation cross section for
heavy neutralinos and, from this, the relic cosmological
abundance of heavy neutralinos. We find that for a large
portion of the parameter space, a heavy neutralino of
mass between m~ and 3200 GeV can have a cosmologi-
cally interesting relic abundance, i.e., 0.02550 h &1.
Thus, we conclude that a heavy neutralino is a well
motivated and viable dark-matter candidate. Based upon
the cosmological constraint 0 h &1, we have mapped
out the regions of parameter space that are cosmological-
ly forbidden. In particular, for m, &180 GeV, one can
completely rule out a neutralino that is heavier than
about 3200 GeV. For a neutralino that is Higgsino-like,
the bound is about 3000 GeV, while if the neutralino is
gauginolike, the bound is about 550 GeV. (If a top quark
of mass less than 120 GeV is discovered, the general
bound drops to 2600 GeV. ) As noted in the Introduction,
Olive and Srednicki have recently considered the case of
a heavy neutralino that is either pure gaugino or pure
Higgsino. In these limiting cases and for the values of m,
and tanP they have considered, our results agree with
theirs. Finally, it is interesting to note that the cosmolog-
ical upper bound to the neutralino mass is comparable to
that which follows by insisting that low-energy supersym-
metry "solve" the hierarchy problem.
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2m gr
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where smz is the square of the center-of-mass energy,
and p& and p2 are the four-momenta of the incoming neu-
tralinos. (In Appendix B, these same quantities will be
rescaled by mz. )

Next we define the quantities

e2

Z„'sin(()
=2

cosf

cosP
—stn(()

Z
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sing+
' '

cos(t +

e cosf+ " e sin/4.+Zn2
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where e=detX/~detX~ and X is the matrix defined in Eq.
(C9) of Ref. 1. From these we define

f C( =e f +ef.. .

First let us review the masses and mixing parameters of
the minimal supersymmetric standard model. The quan-
tities M, M', and p are the masses that appear in the neu-
tralino mass matrix Y, Eq. (C38) of Ref. 1, and Z;. are the
elements of the real orthogonal matrix that diagonalizes
Y. The masses of the four neutralinos are the absolute
values of the eigenvalues of Y, m ~, one should keep in

x
mind the fact that the m ~ may be negative. The mass of

/Y
g

the lightest neutralino is the nth eigenvalue of Y which
we shall denote by m . The chargino masses m +, given

by Eq. (C18}in Ref. 1, are always positive. The quantities
and P+, determined from formulas given in Ref. 22,

describe the mixing of the charginos. The squares of the
Higgs-boson masses (m, and m, ), a, and P are given

1 2

in Appendix A of Ref. 11. Finally, the quantities g and g'
are, respectively, the U(1) and SU(2} gauge couplings. In
this appendix only, some quantities are scaled by m ~ in
order to simplify some of the equations. Specifically,
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where i =1,2.
The following dimensionless quantities are also useful:
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tween the t- and u-channel exchange of the charginos,
and Xz + and X + come from the interference of thezx' Hy
chargino-exchange diagrams with the Z- and Higgs-
boson-exchange diagrams. The interference between the
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+C(3)G(3)
I l

4X, . = g D"'G'"
y+ iy+ 8

(A7)

53
Q — (gZn2 g 'Z„ I ),

g
m-+ m-+

D(2) + g)(4) G(5)
mw mw mw

J

2mw
(MZ„2 ™Z„I—2)(4Z„IZ„4), (A5)

F=2' -Z'
m-+ m-+

D(3)G(6)+ D(5)G(7)
mw mw

The total cross section, averaged over neutralino spin
for the process yy~ 8"+8' is given by

C(5)g(8)4F

8[(s —g)'+(r, /m, )']'",
' 1/2

1 s —4
0ww

32~sm w s —4
J

m-
& C(6)g(9)+2

i

—g4A'

8 sIIlp; 17r
f g(10)

X( Xzz+XHH+X +-+

+X-+.-++X -++X -p) .
iy zy H (A6)

where Fz is the Z width. Here

The quantities X,-,- arise from squaring the matrix element
given by the Feynman diagrams in Fig. 2, summing over
final state polarizations and averaging over initial neu-
tralino spins. Specifically, Xzz comes from the square of
the Z-exchange diagram, X» comes from the square of
the Higgs-boson-exchange diagrams, X + + comes from

the sum of the squares of the t- and u-channel exchange
of the charginos, X +. + comes from the interference be-

A cos(p —a)
[(S rn o/mII ) +—(I olrn)4) ]'

I I

C sin(P —a)
[(s —m o/m)r) +(I / om))I]'

2 2

(A8)

where I 0 is the width of the H;, and the G are given by
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G,.'"= 4»K, [—(x, —co —2) s+4(»,. —co —1) +2co+36]——,'[2s +s(40—Sco —36», )+24co —12(», —co) +120«., ]

+4L, I s (4«; 2—»; «—;co)+s[8 9—«; —12co+14«, 6—co»;+4 co —3», («, —co) ]

+6»; —8co+9co —13«; +6co»;+8»;(x; —co) —(x; —co) j,
G,' '= 24K;[2 —(»;+co) —(»; —co) ]+16—4s

+ Is (»; —1)+s[(»;—co) —6», +2co+4]—7(«.;
—co) +5«; —7co+2j,

s —2 —2N+2K;

G '= 2E;(»; I(x; —co —2) s+»;[«;(«; —4co —2)+6co +6co+5]—2(co+2)(2co —co+2) j+(co—1) (co+2) )

+ [ s (3«;+co —8«';+4)+2s[5«; —(1leo+14)«;+(7co +16co+17)«;—co —10co +3co—8]
S 2 2N+ 2K]

+4[ 2(«; —co) —4(»; —co) —»;(»; —co) + 8«., +9co«;+9«.; —(co —4)(co+ 1)]j

—
—,', [—2s +(12»;—16co—40)s +36(«, —co} —24»;+88co+48],

G' '= — [s(«z —co —2) «z+(«z —co) +2(co —xz) +5»z —8«z —(co+2)(3co—2)]+(1~2)
K) K2

NL2
Ixzs +s [(xz—co) —6»z+2co —3]—4(«z —co) +8»z+2co+2j +(1~2)

2+2N K) K2 S

—
—,', [—2s +(6»&+6«'z —16co 40)—s+9(»&+»z) —(36co+12)(»~ +xz)+3(«& —xz) +4(9co +22co+12)],

G = 8 —2s — [—(»z —co) +2—»z —co]+(1+-+2}
6L2

K) K2

+ [s (2» —2)+s [2(« co) 6«——2c—o+ 11]—2(» —co) +4« —8co —2j +(1~2),
S —2 —2N+ K1+K2

2 2 2 2

18N s s2

G = (xzLz «,L, )+——— [6(«., +«z)+8co —40]—[—,'(x, +«z) —co] +«., +«z —
—,'(«. ,

—xz) + ', co—
K) K2

(A9)

+ I s (4«z xz)+s [—2»—z(»z —co) +8»z —Scoxz —9»z+4(co —2)(co—1)]2+2N K) Kp S

—(xz —co) +4«z(xz —co) —5«z+(2co+2)«z+9co —Sco j +(1~2),

G' '= — [s (xz —co —2) —4(«z —co) +8»z —28co —4]+(1~2}
K} K2

+ Is (co—«z)+s [—(«z —co) +6(«z —co)]+4(xz—co) —8(xz+co)+4j+(1+-+2)+2s —8,
S 2 2N+K)+K2

G '= L; I«;s (4+co—«;)+s[4«; —5(«;+3co)—(«; co) 10co—x;+6—co +8]+2(»;—co) —8co(x; —co) —6«; —10co+4j

+—,
'

I
—s +s (3», +co 18)+s—[6(x( co) 12»;—+36c—o+28]—12(»; —co) —12»;+44co+24j,

G '=L, t
—»;s +s [«, 2+3co («, —co) ]+4——2(«;+c—o) —2(«; —co) j+—,'[2s +4(»; —co —1)s+8(x;—co+2)],

G;" '=s(1 —s/2)+L, [—,'(«, +co)s —s(2+x;+3co)+12co) .

At zero velocity, the Higgs-boson- and Z-exchange dia-
grams vanish, and only the chargino-exchange diagrams
remain. The rather lengthy expression for o ~~ times the
relative velocity reduces to
o z,~u(v —+0)

terms are most certainly of importance. However, in the
galactic halo, neutralino-neutralino relative velocities are
of order v =vh, &, =0, and to a good approximation, the
annihilation cross section times relative velocity should
be given by o ~~v (u ~0) (unless it vanishes).

r

g'(~ —1)'" e i+f i

128m
I m -

I m ~ 1 —co —x,
In the early Universe, v =4

ez+ 2

+ . (A 10)
1 N K2

at freeze-out and the v

APPENDIX B: CROSS SECTION FOR yy —+Z Z

The matrix element for the process yg~Z Z is given
by the Feynman diagrams shown in Fig. 3, and the total
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cross section, averaged over the neutralino spins, is given

by an analogous expression to that for tr tt, t4,

1/2
s —4

~zz
64msmz s —4m

(XHH+X-p-p+X -p)

(Bl)

ill z
K

m-p
x;

mz

(P i+P2)'
7 s =

2mz
(B2)

where smz is the square of the center-of-mass energy.
The quantity XHH is given by

'I

g A'

2 sinP cos8a
s2+ ——1
2

2

(s —4'), (B3)

where A
' is the same as in the W+ W case (Appendix

A) except that here the Higgs-boson masses in the
denominators are divided by mz instead of mii. (The
quantities A, C, Q, and R are still given by the same ex-
pressions in Appendix A. ) Next, we give the quantities
X -p and X-p-p'.

Hx xx

In this appendix it is most useful to rescale some quanti-
ties that have dimensions of mass by the mass of the Z.
Specifically,

'2 APPENDIX C CROSS SECTION FOR gg ~H' HJ

The total cross section for the process j'X~H, Hj in-

volves the Feynman diagrams of Figs. 4 and 5, and is
given by

g4~] Xtot

Sns~m
~

S (Cl)

where ~k~ is the magnitude of the outgoing momentum,
s =4E2=4m2/(1 —v /4) is the center-of-mass energy

X
squared, and S is the symmetry factor (2 for i =j and 1

otherwise). Note that in this appendix we have not res-
caled any quantities by a particle mass.

The CP quantum number of the final state g=c;c,
where c; is the CP quantum number of H; and

c, =c2= —c3 =1, determines the form of X"'. For g= 1

(see Fig. 4), X"' is given by

diagrams again vanish, and only the chargino-exchange
diagrams are nonzero. In this limit

g4(~ 1 )3/2 4

&zzv (v ~0)= g . (B7)
64m ~m —~mz, . i 1 —to —

K,.

Once again, this formula is a good approximation for
neutralino annihilation in the galactic halo, but is not
applicable to relic abundance calculations.

4g& 4 m-X~= . g WC, '6"'—
4 sinP cos8a, '

mz

m~
' G(1p)

mz
X"'=2p [(8 2U) +—'(4Ek V)—]

(B4) where

(C2)

4 4
g (4) (6)X -p-p = g Dij Gij

—
Gij

l1J —1

U=c, g ink jnk

tp —m~
Xk

2m k
m +c;m~+

3(tp —m ~ )
Xk

mz mz mz

m~ m~
J G(7)

lJmz mz

m~ tlat~ m
G( )

IJ

~ink ink
(tp m-p )

Xk

8 ™1nnH1ijPHP+M2nnH2ij PKP
1 2

(C3)

where the sum is over the four neutralinos. Here the 6,"
are given by the expressions in Appendix A with K1 and
K2 being replaced by K; and Kj (the L; are changed in the
same way). The masses of all four neutralinos enter as
they are virtual particles exchanged in the t- and u-
channel diagrams.

The new quantities C,- and D,- that appear above are
defined by

P p=[(s —m p) +m pl' p]
l l l

and I p is the width of H; . In this case, the contribu-

tions from the s-channel exchange of H3 and Z vanish.
Furthermore, X"' vanishes at v =0, so that o,jv also van-
ishes as v ~0.

For g= —1 (see Fig. 5), X„»is given by

C; =2e D;j =2e; e

where the e; are now given by

1e;= (Z;3Z 3 Z;4Z„4) .
cos8w

(B5)

(B6)

X' '= '~p k (D+U)—
3

m-5D
+2 EC — 1—

mz'
—2V

'2

(C4)

For more discussion of the couplings see Refs. 1 and 10.
In the zero-velocity limit, the Higgs-boson-exchange where
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U=c;
4 MnkM „k
X

to —m -0
+k

The quantities Mk; are the Hkg;g - couplings, and Mk, - is
symmetric in the indices i and j. The Mk; are

Mink Mj nkV=+
~

m~E—
to X

+k

c;m 5

4E
1

2'P
m -O~ig slnaIJ

+2[Q„sin(P —a)

t2
1V2

x 1+
4 3(to —m~)

t2

to —m~2
—R,"sina]

C =M3nn H3,JP~o
3

FA;

Zcos8~[(s —mz) +mzl z]'

(C&) —1

2sinP

m ..ob,- cosa
—2[Q, cos(P —a)

+R, cosa] (C9)

t&= —2m-, 5=m o
—m2 = 2 2

t J

The quantities A;J' are the ZH; H couplings:

2 cosOgr

cos(a —p)
2 cosOpr

(C7}
and all other A; are zero. The quantities H,"k are the
H; H~Hk couplings, and H,jk is symmetric under the in-
terchange of any two indices. The H;jk are

3mz
cos(P+a)cos2a,

2 cosOp

3mz
sin(P+a}cos2a,

2 cosOpr

mz
[2 sin(P+a)sin2a —cos(P+a)cos2a],

2 cosOgr

—mz
H»2= [2cos(P+a)sin2a+sin(P+a)cos2a]

2 cosOp

(C8)
mz

H»3= cos(P+a)cos2P,
2 cosOgr

mz
sin(P+a)cos2P,

2 cosOp

H333 I]3 ]23 223 0 .

and I z is the Z width. In this case, the contributions
from s-channel exchange of H

&
and H2 vanish.

The expressions given above contain terms of all orders
in u; however, they are only correct to 0(u ). They are
given this way for brevity. By evaluating these formulas
at two small values of v, the coefBcients of the leading-
order terms, a and b, may be obtained; here,
ou =a+bv +

The kinematic quantities used above are

p =im-[u/2,

S g2k'= ~k~'= ——
—,'(m'o+m'o)+—

(C6}
to= —,'(m o+m o) —m-, t~=2~m-~k

1
3lj 2' P

m~5„cosp
—2(Q;jcos2P+R; cosP)

mg

where

Q, = [Z,3(gZj2 —g'Z~i)+(i-J )], '

2g
(Clo)

R~j = [MZ, 2Zj..+M'Z;, Zj, p(Z;3Z—j4+Z 4Zj3)] . '
1

2m~

For further discussion of the couplings see Refs. 1 and
10.

In the limit v ~0 the cross section becomes

4m

2mz

D5
2m—

o, u(u~0)= C—
16~1m, /

Mink Mj nk

X
k=i to ™~

X(m~ —
—,'c, 5/m )

(Cll}

APPENDIX D: CROSS SECTION FOR gg~ ff
The cross section for neutralino annihilation into

quarks or leptons was found previously in Refs. 4 and 5,
but we include here a slightly improved version. An er-
ror in the cross section given in Ref. 5 is corrected and
Higgs-boson exchange in the s channel is included for the
first time. The error involved the neglect of a part of the
Z propagator and resulted in less than a 10%%uo difference
(ignoring Higgs-boson exchange) when the cross section
was used for annihilation in the early Universe (u = —,').
However, as pointed out by Bergstrom, it could be
significant in the v~0 limit, which is of relevance for
halo annihilation. Higgs-boson exchange is relatively
unimportant for the heavy neutralino case discussed in
this paper, but can make a di6'erence for light neutrali-
nos, especially near poles. '

To begin, we define



41 SUPERSYMMETRIC DARK MAl IER ABOVE THE 8'MASS 3581

a =m dq/(2m~),

b = T3LZ„2—tan8~(T3L e—q)Z„~,

f =tan0~e Z„&, F =Z„3—Z„4 .

cL = T3L eqsin 0~, cg = —eqsin 0~,2 2

u'=a +b, u'=a +f, w'=a (b fq) .

(Dl)

Here dq
=Z„&/cosP for down-tyPe quarks or charged leP-

tons and dq =Z„4/sinp for up-type quarks or neutral lep-
tons, m is the mass of the fermion, T3L is the weak iso-
spin, and eq is the fermion electric charge. Leaving out
the Higgs-boson exchange, the annihilation cross section,
averaged over neutralino spins and to order v, is given
by

o'ffv =g G—Fcqm P' y' [ (u' +u' )[z +(a&+r&)v ]+4w' [1+(a2+r2)v ]
4

q. '' '
+4w'(u'+v')z[1+( —,'x +r 5) u'] +2u quqz [1+(a4+r4)u ]I

+F x'"[ ,'(cL+c—„)(z+a, u )+—,'CLcRz (
—1 —a4u )]

+Fx y [ (UqcR QqcL)[z +(al+z r5)v ]+(uqcR UqcL)z [1+(a4+r5)v ]

2wq(CL——c„)z[1+(,'x +—r5)u ]+v P' r[—3(uqcL uqcR
—)+wq(cL —cR )z]]

(cL —c„)2z2 m 16m 2 2m
+F x' —8+2U (1+x ) —x

4 mz mz mz
2m

+F(cL —c„)x' y' z t
2w'u ', w'u P' r- —

mz

+[2+I'v (x 2r+ 3P r )][4w'+2z(u'+vq)]I (D2)

The quantities a; and r; are given by

a =—' ——'z z+ —'z ~x 2 a =—'(2 —z 2+x 2)
3 12 4 2 4 7

a4= —,'( —3+x ), a5 =1+x

r, = —
(
—4+z +4r 3rz rz ), ——

r2= —
( S+2z +3rP' +2rz—P' ),

(D3)

1r3= —
(
—3+SrP' —2P' ),

T
r = —( —3+SrP' )4

r5= —
( ', +rP' ), r6=———( 3 P' +2rP' ), ——

where GF is the Fermi constant, c is a color
I

I

factor (with c =3 for quarks and cq =1 for leptons),
x' =mz/[(mz —s) +I zmz]' is the Z pole factor,
I'z is the Z width, z =m /m, P'=(1 —z )', and
y' =m ~/(m j, +p' m ) is the squark-mass suppression
including the propagator momentum. The propagator
momenta factor r =m /(m +m P' ) is usually small,x f x
as is x =

—,'z /(1 —z ). When m ~m, however, z~l,
x~00, and the expansion breaks down. However, this
occurs only very close to mass thresholds and so these
should be avoided. See Ref. 5 for the Feynman diagrams
for@/ —+ff and further discussion of the cross section.

In addition to the squark and Z-exchange diagrams in-
cluded in Eq. (D2), there are s-channel diagrams involv-
ing the exchange of any of the three neutral Higgs bo-
sons. These contributions can be included by adding the
following to Eq. (D2):

off-u =g 'cqm P' (F~+F~) P' -v +4F3 1+ a5
q

2FF3z (CR —
CL )x '

1 ——
4m 2 4m

+ x — aq
U 2

m,' 4 mz

+2wqy' u (F, +F2)P' 1—2T —F&(a5+2r6)

2
+2z(u'+u')y' —,'(F&+F2)rP' v —2F& 1+u r5+

4
—8m'y' F3 (D4)
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where F, =M;„„Q; m33 /[(m, —s) +m oI 0]', I 0 is
I I I I

the width of 0, , and

ing Higgs-boson exchange) reduces to

(off v)(v 0)=g —GFc m p'4

m
(Q,„,Qz„,Q3„)=— . (sina, cosa, cosP),

2m ~sl

m
( Q, d, Qzd, Q,d ) = — (cosa, sina, sinP) .

2m 33 cos

(D5)
X —2F3+y' [2tv'+z(u'+v')]

I2 m 2 2

+ F(cd —cL )z 1 —4

The quantities Mk„„, Z;3, tanp, and sina were defined in

Appendixes A and C.
In the limit U~O, relevant for present day neutralino

annihilation, the total annihilation cross section (includ-

(D6)

For further discussion of the couplings and the supersyrn-
metric model, see Appendix A and Refs. 1, 5, and 11.
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