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Effect of relaxing grand-unification assumptions on neutralinos
in the minimal supersymmetric model
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We consider the phenomenological and cosmological properties of light neutralinos in the minimal su-

persymmetric model when grand-unification assumptions are relaxed. We show that substantial changes
result in the mass and mixing properties of the neutralinos, in the interpretation of recent experimental
restrictions on neutralino parameter space, and in the relic abundance of light-neutralino dark matter.
Relaxation of the grand-unification assumptions is easily accomplished, even within the minimal super-
gravity model, and results in a larger neutralino parameter space and the viability of light-neutralino
( ~ 10-20 GeV) dark matter.

PACS number(s): 14.80.Ly, 12.10.Gq, 98.60.Pr, 98.80.Cq

Neutralinos have been extensively studied and
searched for in the past decade, as signatures of super-
symmetry [I—3], and as candidates for dark matter
[4—6]. In general, they are the supersymmetric partners
of the neutral gauge and Higgs bosons, and are present in
all supersymmetric extensions of the standard model. Su-
persymmetry (SUSY) has received so much attention, in
part, because it seems to be a necessary ingredient of
models which unify gravity with the other three forces,
and because low-energy supersymmetry allows an elegant
solution to the gauge hierarchy problem. As the prob-
able lightest supersymmetric particle (LSP) [4] it is not
surprising that neutralinos have been an attractive topic
of phenomenological and cosmological research.

In this paper we wish to reconsider neutralinos in the
minimal supersymmetric standard model (MSSM), but, in
contrast with common practice, we will not assume grand
unification conditions [7]. The meaning of the term
"minimal supersymmetry" varies in the literature. The
MSSM is based on the standard model gauge group,
minimal particle content (one SUSY state for every stan-
dard model state, plus the required extra Higgs doublet),
and arbitrary soft-supersymmetry-breaking parameters.
However, many authors include in the definition of
"minimal supersymmetry" some grand-unified-theory
(GUT) assumptions (such as common gaugino and com-
mon scalar masses at the unification energy scale). While
these GUT assumptions are elegant and in some sense
natural, from the perspective of the low-energy phenome-
nology they are not necessary, and even at the GUT scale
they can be avoided easily, as will be discussed. Many
conclusions made about SUSY cosmology and phenome-
nology apply only to the MSSM with the GUT assump-
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tions imposed, but are sometimes quoted as general prop-
erties of supersymmetric models.

With the experimental data of the past, the distinction
between the different "minimal" models was not particu-
larly stressed. The parameter space of even the MSSM is
large and complicated enough so that most interesting
phenomena occurred independently of whether or not the
GUT assumptions were included; so the tendency was to
restrict the parameter space as much as possible by im-
posing various reasonable assumptions, including the
GUT assumptions. However, with the advent of the re-
cent results from the CERN e+e collider LEP and Col-
lider Detector at Fermilab (CDF) Collaboration, more so-
phistication is desirable. Significant regions of parameter
space have now been excluded and, particularly in the
case of the lightest neutralino eigenstate relevant for the
LSP and dark matter, qualitative conclusions can depend
upon whether or not the GUT assumptions are imposed.
In this paper we consider some of the changes which
occur in neutralino phenomenology and cosmology when
some of the GUT assumptions are relaxed. We show that
various experimental and cosmological bounds can be
significantly modified depending on whether or not cer-
tain GUT relations are imposed (see also Ref. [7]). We do
not attempt to make an exhaustive search of the (en-
larged) SUSY parameter space, but illustrate, with a few
examples, that the results obtained from assuming simple
grand unification can be easily evaded.

The MSSM that we will consider is an effective low-
energy theory with the standard model gauge group, glo-
bal %=1 supersymmetry broken softly, minimal particle
content, and all 8, L, CP, and R parity-conserving soft-
SUSY-breaking terms in the Lagrangian [2,3]. The mod-
el is not assumed to originate from any specific super-
gravity theory, and hence no specific GUT constraints
are a priori assumed. Note, however, that this model can
be derived from supergravity as discussed shortly. The
MSSM has been extensively discussed and reviewed, and
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where az=a, /sin 0+. In addition, by specifying in
more detail the SUSY-breaking mechanism, other equa-
tions relating the squark, slepton, etc., masses and cou-
plings can be found (see, e.g. , Ref. [10]). Actually, the
GUT-scale relation M& =Mz =M& is not the most gen-
eral choice [7]. It follows (for example) from the stan-
dard softly broken SUSY scheme and the assumption
that kinetic terms for the gauge superfields in the super-

the reader may consult Refs. [2,3,8] for more detail. We
note that the MSSM is similar, but somewhat more con-
strained than the "minimal effective supersymmetric"
models recently discussed by Hall and Randall [9]. These
authors emphasize that the idea of weak-scale supersym-
metry should be tested without regard to the Planck-scale
origin of any specific model. From a reasonable set of as-
sumptions (including the weak minimality condition
above), they construct a set of models not unlike the
MSSM that we consider. However, they also include
some SUSY-breaking terms which do not occur in X=1
supergravity models.

In the minimal SUSY model which we consider there
are four neutralino states, superpartners of the neutral
gauge and Higgs bosons. The masses and compositions
of these states are determined by four parameters:
tang=v2/v„ the ratio of vacuum expectation values of
the two Higgs doublets; p, a supersymmetric Higgs-boson
mass parameter; and M& and Mz, soft-SUSY-breaking
mass parameters of the gauginos B and Wz of the U(1}

„

and SU(2)L low-energy gauge groups, respectively. We
will denote the neutralino states by y, , i =1,2, 3,4, where
i =1 indicates the lightest eigenstate, i =2 the next light-
est, etc. The composition of the ith state is given by

y, =Z;,P+Z;zWq+Z, qH)+Z, 4H~, .

where Z; is the matrix which diagonalizes the neutralino
mass matrix, and the basis states are the B-ino, F&-ino,
and two neutral Higgsinos. We will also call the lightest
eigenstate the neutralino and denote it by y and its mass
by m&.

The MSSM also contains many squark and slepton
states and five physical Higgs bosons: h, H, A, and H —+,
with mz ~ mz I cos2PI ~ mz ~ me ma ~ m~ ~ me, and

mz ~ mz (at the tree level). In the absence of GUT as-
sumptions the Higgs-boson masses are determined by just
two parameters (which we take to be m& and tanP), but
the masses of the sfermions are arbitrary. Finally, there
are also gluinos, partners of the gluons, with a mass scale
set by another soft-SUSY-breaking parameter M~ =m .

. g'
When the MSSM is embedded in a GUT with a simple

gauge group, several relationships between the many pa-
rameters can result. Typically, one adopts the minimal
supergravity scenario, assumes that the gaugino masses
are equal (M&=M2=M&) at the GUT scale, and then
uses the renormalization group to evolve these masses
down to the electroweak scale to find

gravity Lagrangian are diagonal and equal.
This is a natural assumption, which is often made.

However, it is not necessary [11]. As shown in Ref. [12],
one simple way to have this relation not hold (still within
the framework of a minimal supergravity model) is to
slightly complicate the kinetic terms of the gauge
superfields in the supergravity Lagrangian

f —A;D"y k — f F—'g " +
4 ab p 4 ab p 7 (3)

r =M) /Mz (4)

is varied from its GUT assumption value of
rQU+ 3 tan 0~ =0.5 . In the absence of the unification
condition, the signs of M, and Mz could even be
different.

To illustrate the importance of r, we show in Fig. I
mass and composition contours in the (p, Mz) plane for
tanP=2 and two representative choices of r. Figure 1(a)
shows the standard GUT (r =0.5) case, while Fig. 1(b)
shows the effect of taking r =0.1. Since the parameter p
can be either negative or positive, we show the p & 0 cases
in the left sides and the p & 0 cases in the right sides. The
regions marked "LEP"are those excluded experimentally
and will be discussed shortly. Note that when Mz »p, a
nearly pure Higgsino eigenstate (Z» =Z&2=0) results,
while for p »Mz the neutralino is a nearly pure gaugino
(Z&&=Z,~=O) and mostly a B-ino (Z,2=1). Also note
that for m& & m ~, the neutralino may not be the LSP.

We will follow Ref. [14] in our definition of the purity
of the lightest neutralino eigenstate. If the neutralino
mass eigenstate is given by its basis components
(Z&&, Z&2, Z&&, Z&4), then in general, its purity with

respect to a specific (normalized) linear combination of
gauginos and Higgsinos y, =(a~,a~,a&,a~ ) is

pr ——(Z»a~+Z, 2a~ +Z&&a~ +Z&4az } . So, for ex-
&a 3 1 2

ample, the B-ino purity of a neutralino is pz;„,=Z», and
the photino (Z» = cos8~ and Z&2= sin0~) purity is

where f,b is in general an arbitrary analytic function of
the chiral superfields which transforms like a product of
two adjoint representations. In one definition of the
minimal supergravity model, the function f,& is taken to
be the Kronecker 5 function 5,b, in which case Eqs. (2a)
and (2b) result. When f,& is allowed to have o(f-diagonal
terms [12], the gauge fields must be rescaled, and as a re-
sult the normal GUT relation M& =Mz =M& does not ob-
tain. Thus, the values of M& Mz and Mg become arbi-
trary [12] and Eqs. (2a) and (2b) need not hold. One
should also note that the relations (2a) and (2b) do not
occur in the "minimal effective supersymmetry" models
of Ref. [9].

The neutralino sector of the MSSM has been studied
almost exclusively under the assumptions given by Eqs.
(2a) and (2b} (but see Refs. [13,7] for exceptions), even
though strictly speaking they are not part of the model.
All cosmological and almost all experimental predictions
have used at least the first of the relations (2a). Since the
neutralino masses and compositions depend upon M

&
and

Mz, one finds changes in the predictions as
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p h„;„,=(Z» cosOII+Z, 2sinOIr) . We also define [14]
the gaugino and Higgsino purities as

pggZ]&+Z]2 and pHZ&3+Z)4
2 2 2 2

the sum of the two relevant gaugino or Higgsino basis
states, respectively. Figure 1 shows contours of gaugino
purity of 0.99, 0.9, 0.5, 0.1, and 0.01 (from right to left).
(Note that, since p,„;„,+pH =1, a gaugino purity of
0.99 corresponds to a Higgsino purity of 0.01, etc.) In
addition, we show the regions where the neutralino is at
least 99% pure B-ino or at least 99% s mmetric or an-
tisymmetric Higgsino Hz z (Z» =+1/ 2,Zi4=1/&2).

Mass and purity contours of the type shown in Fig. 1(a)
have appeared many times in the literature [4—6, 14], and
this diagram constitutes the parameter space usually ex-
plored when considering neutralino phenomenology and
cosmology. Note the large changes in the mass and puri-
ty contours, which occur when a value of r different from
its GUT value is taken [Fig. 1(b)]. Clearly, relaxing Eqs.
(2a) and (2b) modifies the neutralino parameter space.
Many of the changes in mass and purity contours can be
understood by noting that, for large ~p ~, mz —-M, = rM2,
while for large M2, mr

——~)tt~. So changing r effectively
shifts the mass contours along the M2 axis. After per-
forming this scaling, the mass contours of Figs. 1(a) and
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FIG. 1. Mass and composition contours in
the (p, Mz) plane, with accelerator constraints
for tanP=2 and r =M, /M2 =0.5 (G—UT case)
in (a), and r=0. 1 in (b). The left sides show
@&0, while the right sides show p&0. The
lightest neutralino mass contours are labeled
(in GeV). Contours of constant gaugino purity
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Higgsino. ) The region (labeled 8) to the right
of the dashed curve has p~ ~0.99 (almost pure
S-ino), while the region (labeled Hq or H&)
above the other dashed curve corresponds to
almost pure symmetric or antisymmetric
Higgsino (pH & 0.99). The areas marked
"LEP" are ruled out by LEP and the areas
below the curves marked "CDF" are ruled out
[via Eq. (2b)] by CDF. Note that for
m ~ & m ~, the neutralino may not be the LSP.
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1(b) are not so different.
In addition to restructuring mass and composition con-

tours, the GUT assumptions are important in determin-
ing the impact that accelerator bounds have on neutrali-
no parameter space. For example, the UA2 and CDF
searches for squarks and gluinos imply a bound on gluino
masses of M3 ~79 [15] and 150 GeV (preliminary) [16],
respectively. Using relation Eq. (2b) translates this bound
into a lower bound on M2 of 23.5 (UA2) and 44.6 GeV
(CDF). Examination of Fig. 1 shows that such a bound
severely limits the possibility of low-mass neutralinos.
Combining this bound with the LEP results on direct
searches for neutralinos, LEP data on the Z-line shape,
and LEP data on Higgs-boson searches have led to the
limit mr ) 13 GeV (UA2) [20 GeV (CDF)] [17]. Since the
gluino searches probe strong-interaction physics while
the neutralino states involve only electroweak physics,
from the low-energy point of view, Eq. (2b) can be re-
garded as a strong assumption. Relaxing this assumption
removes the relevance of the gluino search results and
again allows light-neutralino eigenstates. (Experimental-
ly, even massless neutralinos are allowed, although they
would be cosmologically excluded. ) The GUT assump-
tions, along with a requirement that the SUSY-breaking
scale be not too high, also leads to an upper limit on the
neutralino mass [14]. For example, assuming that the
SUSY-breaking scale (and hence the mass of the gluino)
does not exceed about 1 TeV leads [14] to mr ~ roughly
150 GeV. This bound is comparable to an analogous
bound of roughly 110 GeV resulting from applying a nat-
uralness criterion [18]. In addition, these conditions
strongly disfavor almost-pure Higgsino regions as corre-
sponding to too large gluino masses [14]. If the relation
(2b) is relaxed, these restrictions are eased and a low
SUSY-breaking scale is again consistent with more mas-

sivee

neutralinos.
The interpretation of the LEP searches for neutralinos

in Z decays also depends upon whether or not the GUT
assumptions are imposed. ALEPH, DELPHI, and OPAL
[1,19] have published results of direct searches for neu-
tralinos in the processes Z~gy' and Z~g'g', where g'
stands for any heavier neutralino, and have set limits on
the Z branching ratio into neutralinos:

B(Z~yy') ~ a few X 10

&(Z~y'y') ~ a few X10
(6)

where the value of the above factors depends on the
masses and relative CP of the final-state neutralinos,
but typically varies between 2 and 10 in most of the
kinematically accessible parameter space. Since
8(Z~g;g ) ~(Z, 3Z 3

—Z,-~Z 4), these limits constrain
the neutralino parameter space. Since both the masses
and the gaugino-Higgsino decompositions of neutralinos
depend on the ratio r=M, /M2, the corresponding ex-
cluded regions in the (p, , M2) plane will vary for a given
tang depending on the choice of r Furtherm. ore, LEP
Z-line shape measurements should also be taken into ac-
count, and their interpretation in our context will also de-
pend upon the choice of r. In particular, we have used a
new allowed region in the (o i„d,I, ) plane, which can be

extracted from Ref. [20], where the visible hadronic peak
cross section o.

&,d and the total Z width I z are related by

0 1 271 ee had

mz I z

Conservatively, we have taken the 99% C.L. region in
the (o„,d, l z) plane and assumed that both final states
yg' and g'y' contribute to the total width only through
the hadronic width. In addition, one could use the
current experimental values of the number of equivalent
neutrino species X„,the ratio R = I z,d/I &, and/or
8& = I

&
/I z, but, once the bound coming from the

(o„,d, l z) plane is imposed, these do not constrain the
neutralino parameter space any further.

Finally, we impose the consistency bound that the
chargino be more massive than the lightest neutralino,
and a bound coming from nonobservation at LEP [1] of
charginos with mass less than 45 GeV. Since the chargi-
no sector depends only on Mz, p, and tan)33, and not on

M&, this last bound remains the same in both Figs. 1(a)
and 1(b).

We show the combined LEP constraints as the heavy
dark lines in Figs. 1(a) and 1(b), the side labeled "LEP"
being ruled out. Once again, note that the areas affected
by the LEP constraints in general depend upon the value
of r, except for those parts which are due to a chargino
constraint. While the regions of parameter space exclud-
ed by LEP are affected by the choice of r, it is clear from
the figures that the main effect is the scaling of the neu-
tralino mass contours mentioned earlier. Small values of
r allow lighter neutralinos to exist in the regions not ruled
out by LEP, while larger values of r mean that even quite
heavy neutralinos are excluded. (Of course, only y's with
mass less than mz/2 can be constrained because of LEP's
kinematic limit. )

Note also that some areas of the (p, Mz) plane (small

Mz and ~p~ ~200 GeV), in which the lightest neutralino
is gauginolike (and mostly photinolike), are also for the
most part excluded by LEP even though the charginos
are heavier than 45 GeV there. This is at first look
surprising because g's couple to the Z boson only
through their Higgsino components. In these areas, how-
ever, some of the heavier (but still kinematically allowed)
neutralinos are Higgsinolike and therefore contribute to
the Z-line shape and can be ruled out. We note that the
regions where the LSP is a nearly pure photino have been
also considerably constrained by LEP, although not ruled
out.

The mass and composition contours, as well as the
disallowed areas of parameter space, also have an impor-
tant effect on the cosmology of neutralinos. As a well-

motivated, stable, neutral, and weakly interacting parti-
cle, the lightest neutralino makes one of the best candi-
dates [4,5] for the dark matter believed to exist in the
halos of spiral galaxies [21,22]. Measurements of the ro-
tation curves of spiral galaxies imply the existence of
3 —10 times as much dark matter (DM) as luminous
matter; therefore, using the measured density of luminous
matter (in units of the critical density), the density of
dark matter is probably at least QDMh ~0.025, where
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0.5&h ~1 parametrizes our ignorance of the Hubble
constant. Conservative limits on the age of the Universe
require QDMh &Q«,h ~ 1. So for neutralinos to be in-

teresting as dark matter, they should exist with cosmo-
logical density of roughly 0.025 + Qqh ~ 1. Further-
more, if one believes 0= 1, either for aesthetic reasons or
because of cosmic inflation, the range 0.25(Q&h &0.5
should be considered the most interesting.

The relic density of neutralinos can be calculated once
the parameters of the SUSY model are specified. Since
Qr~((ov ),„„)', the parameters of interest are those
which influence the total annihilation cross section

{,o v ),„„(yg—+ ordinary matter). These are masses of the

squarks, sleptons, and Higgs bosons which are exchanged
in the annihilation and the parameters which determine
the g mass and coupling. The range of parameters which
allow neutralino dark matter has been extensively studied

[4—6, 23], although the GUT assumption, Eq. (2a), has al-

ways been imposed. %e are interested in finding the
effect of relaxing this assumption. In Fig. 2, we show
contours of relic abundance in the same ({ts,M2) plane as
was used in Fig. 1, and with the same values of r. Figure
2(a) shows the GUT (r =0.5) case, while Fig. 2(b) shows
the r =0. 1 case. Growing intensity of grey shading indi-
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FIG. 2. Contours of constant relic abun-
dance in the (p, M, ) plane, with
tanP=2, ms =50 GeV, m =150 GeV, and

m-, =100 GeV. Areas ruled out by LEP are
marked "LEP," while areas marked
"m~&m~" were not considered. The area
below the very thick dashed line is ruled out by
CDF [via Eq. {2b)). Increasing grey shading
indicates growing relic abundance. Solid con-
tours indicate Qh = 1 (in grey areas) or
Qh'=0. 025 (in white areas). Short-dashed
lines in grey areas indicate the preferred value
Qh =0.25, while long-dashed curves (in white
areas) indicate Qh'=0. 1. The area between
solid curves are acceptable cosmologically for
neutralino DM. (a) shows r=0.5 (the GUT
case), while (b) shows r =0.1.
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cates growing relic abundance. The solid lines in shaded
areas are Qh =1 contours, so the darker side of these
lines have Qh ) 1, which is inconsistent with the age of
the Universe. The short-dashed lines are the favored
Qh =0.25 contours, the long-dashed lines are the
Qh =0. 1 contours, and the solid lines in white areas in-
dicate Qh =0.025. We do not consider neutralinos in
the regions with m& & m ~, since several new annihilation
channels that have not been included in our calculations
open up. To calculate the relic abundances we used two
methods. In Fig. 2 the same method as in Refs. [4,14)
was used, while in Fig. 3 the method of Ref. [5] was used
with the cross sections given in Ref. [23]. While neither
of these methods is the most accurate, since the ways of
solving the Boltzmann equation are approximate, they
are good enough for our purposes here and give similar
results. Also, note that if one used the simple supergravi-
ty renormalization-group equation for evolution of the
sfermion masses, different relic abundance contours
would result. We discuss this in more detail below.

Since there are so many parameters in these models
that can be varied, and since we are not attempting a
complete survey, we have shown in Fig. 2 a set of param-
eters which aids the possibility of light-neutralino dark
matter, i.e., below the -20-GeV bound derived in the
GUT case [17]. It has been shown [6,23] (for r =0.5} that
neutralinos up to several TeV in mass make fine dark-
matter candidates [24]. However, it is only those neu-
tralinos with masses below -45 GeV that are probed by
the recent LEP experiments. Since the detection of neu-
tralino dark matter, either directly via elastic-scattering
experiments [25,26] or indirectly through effects in the
Sun [27], becomes more difficult as the mass of the neu-
tralino increases, the allowed mass range for neutralino
dark matter is quite important. So in Fig. 2 we have tak-
en the squark masses as low as allowed by CDF [16]
(m =150 GeV) and taken fairly low values of slepton

masses (rnT=100 GeV). (All the sleptons are taken to de-

generate with each other, as are all the squarks. ) A mass
of the lightest Higgs boson of m& =50 GeV and a value of
tanP=2 were taken and are consistent with the LEP
Higgs-boson searches [28]. Since the values of the slep-
ton masses are not as well constrained (LEP only limits
them [1] to above -45 GeV), the relic abundance can be
"adjusted" by varying them. The effect of taking larger
values of sfermion masses is to move the cosmologically
interesting regions to higher values of neutralino mass.
Also, almost any region which has a value of Ah that is
too low can be made cosmologically acceptable by in-
creasing the sfermion masses.

From the figures it is clear that the value of r has great
impact on the cosmologically interesting regions of SUSY
parameter space. The large variation in relic abundance
between Figs. 2(a) and 2(b) can be understood by scaling
the M2 axis as described ear1ier. Note that the cosmolog-
ically interesting gauginolike regions (around the short-
dashed contour Qh =0.25), which have been experimen-
tally excluded in the GUT case [Fig. 2(a)], are shifted to
higher values of M2 for sufticiently smaller values of r
[such as r =0. 1 in Fig. 2(b)], and thus become allowed
again. Note also that neutralino masses of less than a few

GeV, as always [4], result in a relic abundance above uni-

ty, and are thus cosmologically disallowed.
To help see the allowed mass range for neutralino dark

matter, we show in Figs. 3(a)—3(c) scatter plots of mr
against Qzh for tang=2, mh =50 GeV, m =150 GeV,
and a wide range of p and M2 (—p and Mz in logarith-
mic steps between 20 and 2000 GeV). Each X marks a
choice of parameters which pass all experimental con-
straints, while each "box" [in Fig. 3(a)] marks a choice of
parameters which pass all the constraints except the CDF
gluino search limit [translated into a limit on M2 via

Eq.(2b}]. In Fig. 3(a) we show the GUT case (r=0.5)
with mI =100 GeV, in Fig. 3(b) we show r =0. 1 with

ml =100 GeV, and in Fig. 3(c) we show r=0. 1 with

mI =70 GeV.
These plots contain several interesting features. First

note that all areas between the X's are actually allowed;
we sampled the parameter space only discretely. The
dense clustering of X 's shows the relationship
Qh ~ I /( o U ) CC m& /m z, which is expected when annihi-

lation is dominated by sfermion exchange. The small dip
near mz/2=25 GeV and the large dip near mz/2=45
GeV are the result of the Higgs- and Z-boson poles in the
annihilation cross section. Comparing Figs. 3(a) and 3(b),
one can see the effect of relaxing the assumptions (2a) and
(2b). Since m& is the same in both plots, the dense cluster
of models follows the same curve, and the Z and Higgs
poles look similar. However, the LEP and CDF con-
straints rule out the light neutralinos in the GUT case,
the "boxes" showing the important effect of Eq. (2b).
Figure 3(c) shows the effect of varying m&. As pointed

out in Ref. [14], it is the lightest sfermion, other than the
sneutrino, which dominates the relic abundance, and the
locus of points shifts upward in relic abundance as the
slepton mass increases. In fact, because of this, for light
neutralinos, there are very few areas of the (p, M2 ) plane
which have too low a relic abundance. As the sfermion
masses become large, it is mostly only regions near poles
which remain with Qh &0.025.

From both the relic abundance contours and scatter
plots, the importance of the GUT assumptions become
clear. If one takes the view that the minimal SUSY mod-
el includes these assumptions, then neutralinos below
-20 GeV are no longer good dark-matter candidates
[17,29], and the direct and indirect searches for neutrali-
nos become harder. On the other hand, if one allows an
arbitrary relationship between MI, M2, and M3, neutrali-
no dark matter with mass even below 5 GeV is allowed,
although even in this case LEP has restricted the range of
parameters.

We should note that, in a GUT framework, supersym-
metry and gauge structure alone predict that sfermion
masses should grow with M2, thus causing a potential
conflict between our choice of relatively small sfermion
masses and large M2 that we also consider. We are not
overly worried by this for several reasons. (a) The sfer-
mion mass renormalization-group relations may be
modified or removed by assuming additional particles
and interactions between the electroweak scale and the
GUT scale (i.e., if the minimal particle content is only as-
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sumed at the electroweak scale), or, for example, by al-
lowing for large "threshold" corrections such as may
arise in superstring-inspired models. Thus, in the spirit
of relaxing GUT assumptions we can choose to ignore
the renormalization equations. (b) If we choose to derive
all the sfermion masses from relations such as
my Mp +aM

&
+bM2 +cM3, where Mo is a common

scalar mass and a, b, and c are couplings which vary for
each sfermion and can be found, for example, in Ellis,
Ridolfi, and Zwirner [30], then while some of sfermion
masses run quickly and become large at the large values
of M2 we consider, there are some which do not change
rapidly. The right chiral sleptons are weak singlets, so
b =c =0, and especially for the value r =0.1, m,f varies

only from 100 to 109 GeV as M2 varies up to 1 TeV (us-
ing Ma=95 GeV). Since relic abundance is almost com-
pletely dominated by the mass of the lightest sfermion ex-
changed, our r =0. 1 contours would change little if we
used the renormalization-group masses. (The change
would be only a few percent in most areas of parameter
space. In the Higgsinolike regions of parameter space
especially, the sfermion exchange is suppressed in any
case.} The changes would be somewhat larger in the B-
ino region of the r =0.5 plots (of the order of some 10%;
compare Fig. 3 of Ref. [14] with Fig. 1 of Ref. [31]),but
these represent the "standard" calculations done by
many previous authors with which we wish to compare
our r%0. 5 results. For studies of the cosmological prop-
erties of the LSP with the sfermion-gaugino mass rela-
tions included see, e.g., Refs. [31,32].

In one sense, the decision to include Eqs. (2a) and (2b)
as part of the definition of the minimal SUSY model is a
matter of taste. However, if one is interested in the possi-
bility of light supersymmetric dark matter, the elimina-
tion of models with Eqs. (2a) and (2b} imposed, while in-
teresting, is by no means decisive. In fact, even if all
"minimal" models were experimentally excluded it would
not rule out the possibility of low-energy supersymmetry
or neutralino dark matter. The MSSM, with or without
the GUT assumptions, really has no particular claim on
being the most likely SUSY extension of the standard
model. We have very little information concerning the
ultimate uni6cation-theory gauge group and the form of
its Lagrangian, or even on whether there is unification via
a simple gauge group (although recent work by Langack-
er [33] and by Amaldi et al. [34] has been taken to sup-
port SUSY unification). Many nonminimal supersym-
metric models (e.g. , resulting from superstrings) can be
very attractive and enlarge the parameter space consider-
ably. Several simple extensions to the minimal SUSY
model [35] that keep the standard model gauge group ex-
ist, but they contain extra particles and complicate the
neutralino and Higgs sectors. For example, in the sim-
plest extension of the MSSM, one keeps the standard
model gauge group, but adds an extra Higgs singlet [36].
The corresponding Higgsino mixes with other Higgsinos

and gauginos of the model, leading in general to consider-
ably different phenomenological [36] and cosmological
[37] properties of the LSP. Other examples are the re-
cently popular E6 models [38,35] where, in addition to
the extra Higgs superfield, the gauge group is extended
by at least one extra U(1) factor. The neutralino sector of
these models has been studied in Refs. [39,40]. These
models, and others, contain possibilities for light-
neutralino dark matter which are not so constrained by
the LEP results.

Finally, it is probably worthwhile to note that the main
challenge to minimal SUSY comes not from the LEP
neutralino searches, but from Higgs searches. At tree
level, the MSSM (with or without GUT assumptions) pre-
dicts a neutral Higgs boson with a mass below mz [3].
LEP 200 should thus be able to, in principle, discover or
rule out such a Higgs boson [41]. LEP has already
searched a considerable portion of this parameter space
[28]. If no Higgs boson is found, then the MSSM con-
sidered here would be ruled out. However, it has been
shown recently [42] that if the top quark is very heavy
(and other relevant parameters are not specially chosen),
then the lightest Higgs boson can be considerably heavier
than mz, and LEP 200 may not be able to fully explore
the Higgs sector of the model. This is because a heavy
top quark results in large one-loop corrections to the
SUSY Higgs mass relations. If the top is under —120
GeV, then these effects are probably small and LEP 200
may be able to eliminate the minimal SUSY model.
However, even in this case, SUSY dark matter should not
be discarded. As discussed, many attractive SUSY mod-
els just beyond the MSSM would still be allowed, and
many of these contain neutralino dark-matter candidates.

The minimal SUSY model has been extensively studied
because minimality puts a restriction on the number of
free parameters which need to be considered. This makes
calculations easier and definite predictions possible.
However, even if ruled out, all the main motivations for
exploring supersymmetric models remain, and one is
therefore forced to consider the next most "minimal" set
of models.

%'e conc1ude, therefore, that even very light neutrali-
nos make good dark-matter candidates, and we have
shown that even within the minimal supersymmetric
model they remain viable, LEP results notwithstanding.
We considered the possibility of relaxing two GUT as-
sumptions and found substantia1 effects.
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