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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 W. We calculate the cross 
section for annihilation of heavy neutralinos into final states containing gauge and Higgs bosons 
(::+ WW,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 i2,h 5 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 x  > m w  that contributes i2;- 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  halo^.^,^ 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 and more recently ~ r i e s t ~  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 ~ r e d n i c k i , ~  it has been implicitly assumed that the 
mass of the neutralino, m-,,  is less than the W mass. Im- 
portant new annihilation channels open up when 
m -  > m ,  and because the relic abundance is determined 

X 

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 - - 
XX- f7, where f is a quark or  lepton, while for 
m -  > m ,  final states such as W +  W - ,  Z Z ,  and states in- 

Y 
volving Higgs bosons must also be included. For Dirac- 
neutrino dark matter, it was shown by Enqvist, Kainu- 
lainen, and ~ a a l a m ~ i '  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 srednicki6 
have also addressed the case of mi > 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- 
lem 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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