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Exploration of elastic scattering rates for supersymmetric dark matter
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We explore the possible cross sections for the elastic scattering of neutralinosx on nucleonsp,n in the
minimal supersymmetric extension of the standard model~MSSM!. Universality of the soft supersymmetry-
breaking scalar masses for the Higgs multiplets is not assumed, but the MSSM parameters are nevertheless
required to lead consistently to an electroweak vacuum. We explore systematically the region of MSSM
parameter space where CERN LEP and other accelerator constraints are respected, and the relic neutralino
density lies in the range 0.1<Vxh2<0.3 preferred by cosmology. We also discuss models withVxh2,0.1, in
which case we scale the density of supersymmetric dark matter in our galactic halo byVxh2/0.1, allowing for
the possible existence of some complementary form of cold dark matter. We restrict our attention to tanb
<10, for which reliable relic-density calculations are available. Within this range of tanb, we find values of the
cross sections that are considerably lower than the present experimental sensitivities. At low neutralino masses,
mx&100 GeV, the cross sections may be somewhat higher than in the constrained MSSM with universal soft
Higgs boson masses, though they are generally lower. In the case of largemx , the cross sections we find may
be considerably larger than in the constrained model, but still well below the present experimental sensitivity.
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I. INTRODUCTION

One of the key issues at the frontier between part
physics and cosmology is the nature of the non-baryo
dark matter that apparently dominates the matter densit
the Universe. This is probably dominated by cold dark m
ter, with a density that probably falls within the range 0
,VCDM,0.5 @1#, and may be in the form of massive weak
interacting particles. It is therefore particularly important
search for such dark matter particles@2#, and one of the mos
direct strategies is the search for relic particle scattering
nuclei in a laboratory detector@3#. Many experiments around
the world are engaged in this search, largely motivated
the cross sections calculated assuming that the cold
matter is dominated by the lightest neutralinox @4# of the
minimal supersymmetric extension of the standard mo
~MSSM! @5#.

We recently re-evaluated@6# the spin-dependent and spin
independent cross sections for neutralino scattering on
tons and neutrons for tanb<10 @7,8#, assuming universality
for all of the soft supersymmetry-breaking mass parame
of the MSSM including the Higgs multiplets, incorporatin
the latest available CERNe1e2 collider LEP constraints on
the MSSM parameter space, and assuming that the cos
logical density of the relic neutralino falls within the rang
0.1,Vxh2,0.3, corresponding to the favored range
VCDM and a Hubble expansion rate 0.6<h<0.8 in units
H0[1003h km/s/Mpc. We used the latest information fro
chiral symmetry@9,10#, low-energyp2p,n scattering@11#
and deep-inelastic lepton-nucleon scattering@12# to fix the
0556-2821/2001/63~6!/065016~13!/$15.00 63 0650
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hadronic matrix elements. Our calculations fell considera
below the present experimental sensitivities@13#, as well as
the highest theoretical estimates available in the literat
@14#, some of which used less restrictive assumptions. Th
are, however, some other recent lower estimates: see@15#,
for example, which is in good agreement with our previo
work @6#.

Shortly after our paper appeared, the DAMA Collabor
tion confirmed@16# their previous evidence for the annu
modulation of energy deposits in their scintillation detect
which they interpret as due to the scattering of some c
dark matter particle with mass between about 50 and
GeV, and spin-independent cross section on a proton
tween about 1026 and 1025 pb. This cross section range
considerably larger than we found previously@6#, though
consistent with the range allowed by some previous cr
section estimates. Subsequent to the DAMA paper,
CDMS Collaboration has reported@17# negative results from
their experiment, establishing an upper limit on the sp
independent cross section that excludes most, but not al
the range suggested by DAMA.

This unresolved situation motivates us to explore m
widely the possible neutralino-proton cross sections in
MSSM, including both the spin-dependent and sp
independent~scalar! contributions. As before, we impose th
latest constraints on the MSSM parameter space impose
the LEP and other experiments@18,19#, such as measure
ments ofb→sg decay. We again restrict our attention
tanb<10, for which reliable relic-density calculations in
cluding coannihilation are available. It is important to no
©2001 The American Physical Society16-1
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that the LEP limits we use here@19# have been updated sig
nificantly compared to what we used in@6#. Notably, the
chargino and particularly the Higgs boson mass limits we
here are stronger. The latter has a substantial effect atb
53: in addition to the consequent direct reduction in t
Higgs-exchange contribution to the scalar cross section,
improved lower limit on the Higgs boson mass further
strictsm0 andm1/2 from below, because of their contributio
to mh via radiative corrections. Also, previously we did n
use theb→sg constraint, which we implement here by r
quiring mA.300 GeV form,0. All of these effects tend to
remove some of the higher cross sections that we found
viously, particularly at lowmx .

The main thrust of this paper, however, is to relax two
the theoretical assumptions made in our previous work.

The absence of large flavor-changing neutral interacti
suggests that the soft supersymmetry-breaking scalar m
parametersm0i

of the MSSM may be universal for differen
quark and lepton flavors. However, there is no strong p
nomenological or theoretical reason why them0i

should be
the same for the Higgs multiplets as for squarks and slept
and we relax this universality assumption in this work. It
known that, in this case, the lightest neutralinox might be
mainly a Higgsino, but this particular option is greatly r
stricted by LEP data@18,19#.

Neutralinos might not constitute all the cold dark matt
but might be complemented by other particles such as ax
or superheavy relics. In this case,Vx,VCDM , and Vxh2

,0.1 becomes a possibility. For any given neutralino ma
Vx may be decreased by increasing thex annihilation cross
sections, which is often correlated with an enhanced ela
x-proton scattering cross section. Before concluding t
cold dark matter detection becomes easier in this case, h
ever, one must consider what fraction of our galactic h
density rhalo could be composed of neutralinos. Since t
process of halo formation is essentially independent of
nature of the cold dark matter, as long as it is non-relativis
and weakly interacting, one should expect that

rx5rhalo3S Vx

VCDM
D . ~1!

In an effort to be as optimistic as is reasonable, we ass
that rx5rhalo if Vxh2>0.1, and rescale: rx

5rhalo3(Vxh2/0.1) if Vxh2<0.1.
In our previous work@6#, in which we assumed universa

ity for the Higgs boson masses~UHM! at the conventiona
supersymmetric grand unified theory~GUT! scale ;1016

GeV, and the canonical range 0.1,Vxh2,0.3, we found
that the possible ranges of elastic scattering cross sec
were very narrow for any fixed values ofmx , tanb<10 and
the sign ofm, even allowing for plausible uncertainties in th
hadronic inputs@9–12#, and that they were always orders
magnitude below the present sensitivities@13#, even for the
smallest allowed values ofmx;50 GeV @18,19#. Specifi-
cally, the maximum value we found for the spin-depend
x2p elastic scattering cross section for 3<tanb<10 was
well below 1023 pb, attained formx;60 GeV, and the maxi-
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mum value we found for the spin-independentx2p elastic
scattering cross section for 3<tanb<10 was ;1027 pb,
again attained formx;60 GeV. The corresponding exper
mental sensitivities are;1 pb and;331026 pb, respec-
tively. At higher neutralino masses, the predicted cross s
tions were significantly smaller still.

In the constrained version of the MSSM, when all so
scalar masses, including the Higgs boson masses, are
equal at the unification scale~UHM!, there are four indepen
dent parameters, the soft scalar masses,m0, the gaugino
masses,m1/2, the soft trilinear mass terms,A ~assumed to be
universal!, and tanb. In addition, there is the freedom t
choose the sign of the Higgs mixing massm. Previously we
scanned them02m1/2 parameter space for fixed tanb<10
and sgn(m). Our results were not very sensitive toA.

Now that we relax the universal Higgs-boson-mass
sumption ~UHM!, we find much broader ranges of elast
scattering cross sections for any fixed values ofmx , tanb
<10 and the sign ofm. As previously, we perform a system
atic scan of the region of them0 ,m1/2 parameter space of th
MSSM that is consistent with accelerator constraints. He
m0 refers only to a common squark and slepton mass,
the two Higgs boson soft massesm1 andm2 are fixed by the
conditions of electroweak symmetry breaking, since we
low m and the Higgs pseudoscalar massmA to be free pa-
rameters. Thus, we scan overm0 , m1/2, m, mA , andA for
fixed tanb. The details of these scans are given below, wh
we document which parameter choices fail which LEP co
straint and/or the cosmological relic density requirement.

We find that the elastic scattering cross sections may
somewhat larger than we found before in the UHM ca
particularly for largermx . However, the absolute values a
still well below the present experimental sensitivities@13#, at
least for the canonical range 0.1,Vxh2,0.3 for the relic
neutralino density. This remains true when we consi
Vxh2,0.1, but rescale the halo density as described abo

We cannot exclude the possibility that there might
some variant of the MSSM that could accommodate the c
dark matter scattering interpretation of the DAMA data, b
this would require an extension of the framework discus
here. One possibility might be to adopt a larger value of tab
@20#: we restrict our attention to tanb<10 to avoid uncer-
tainties in the relic density calculations. To be comple
these should include coannihilation effects, which are
currently available. We plan to return in a future publicati
to the necessary careful calculation of these a
renormalization-group evolution effects in the context of
more complete study of MSSM phenomenology at lar
tanb.

Another possibility might be to relax further the unive
sality assumptions for soft supersymmetry-breaking mas
either in the scalar or the gaugino sector. In particular, m
els in whichmq̃ /ml̃ is smaller than in the models discuss
here might be able to accommodate larger elasticx-proton
rates for any given value ofVx . Another way to reduce
mq̃ /ml̃ , with a similar effect, could be to postulate unive
sality at a lower, intermediate renormalization scale, bel
the conventional supersymmetric GUT scale@21#.
6-2
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II. THEORETICAL AND PHENOMENOLOGICAL
BACKGROUND

We review in this section relevant aspects of the MSS
@5#. The neutralino LSP is the lowest-mass eigenstate c
bination of the B-ino B̃, W-ino W̃ and HiggsinosH̃1,2,
whose mass matrixN is diagonalized by a matrixZ:
diag(mx1 , . . . ,4)5Z* NZ21. The composition of the lightes
neutralino may be written as

x5Zx1B̃1Zx2W̃1Zx3H̃11Zx4H̃2 . ~2!

As previously, we neglectCP violation in this paper, so tha
there are noCP-violating phases in the neutralino mass m
trix and mixing. For the effects ofCP-violating phases on
the neutralino scattering cross section see@22–25#. We as-
sume universality at the supersymmetric GUT scale for
U(1) andSU(2) gaugino masses:M1,25m1/2, so thatM1
5 5

3 tan2uWM2 at the electroweak scale.
We also assume GUT-scale universality for the s

supersymmetry-breaking scalar massesm0 of the squarks
and sleptons, butnot for the Higgs bosons, in contrast to@6#.
We further assume GUT-scale universality for the s
supersymmetry-breaking trilinear termsA. Our treatment of
the sfermion mass matricesM follows those in@22#, and we
refer the interested reader to@6# for further details and nota
tion. It suffices here to recall that,CP being conserved, the
sfermion mass-squared matrix for each flavorf is diagonal-
ized by a rotation through an angleu f . We treat as free
parametersm1/2 ~we actually useM2 which is equal tom1/2
at the unification scale!, the soft supersymmetry-breakin
scalar mass scalem0 ~which in the present context refer
only to the universal sfermion masses at the unificat
scale!, A and tanb. In addition, we treatm and the pseudo
scalar Higgs boson massmA as independent parameters, a
thus the two Higgs boson soft massesm1 andm2, are speci-
fied by the electroweak vacuum conditions, which we cal
late usingmt5175 GeV.1

The MSSM Lagrangian leads to the following low-ener
effective four-fermion Lagrangian suitable for describi
elasticx-nucleon scattering@22#:

L5x̄gmg5xqīgm~a1i1a2ig
5!qi1a3i x̄xqīqi

1a4i x̄g5xqīg
5qi1a5i x̄xqīg

5qi1a6i x̄g5xqīqi .

~3!

This Lagrangian is to be summed over the quark generati
and the subscripti labels up-type quarks (i 51) and down-
type quarks (i 52). The terms with coefficients
a1i , a4i , a5i and a6i make contributions to the elasti
scattering cross section that are velocity-dependent, and
be neglected for our purposes. In fact, if theCP-violating
phases are absent as assumed here,a55a650 @23,24#. The
coefficients relevant for our discussion are

1We have checked that varyingmt by 65 GeV has a negligible
effect on our results.
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a2i5
1

4~m1i
2 2mx

2!
@ uYi u21uXi u2#1

1

4~m2i
2 2mx

2!

3@ uVi u21uWi u2#2
g2

4mZ
2 cos2 uW

@ uZx3
u22uZx4

u2#
T3i

2

~4!

and

a3i52
1

2~m1i
2 2mx

2!
Re@~Xi !~Yi !* #2

1

2~m2i
2 2mx

2!

3Re@~Wi !~Vi !* #2
gmqi

4mWBi
FRe~d1i@gZx22g8Zx1# !

3DiCiS 2
1

mH1

2
1

1

mH2

2 D 1Re~d2i@gZx22g8Zx1# !

3S Di
2

mH2

2
1

Ci
2

mH1

2 D G ~5!

where

Xi[h11*
gmqi

Zx52 i*

2mWBi
2h12* eig8Zx1*

Yi[h11* S yi

2
g8Zx11gT3iZx2D1h12*

gmqi
Zx52 i

2mWBi

Wi[h21*
gmqi

Zx52 i*

2mWBi

Vi[h22*
gmqi

Zx52 i

2mWBi
1h21* S yi

2
g8Zx11gT3iZx2D ~6!

whereyi ,T3i denote hypercharge and isospin, and

d1i5Zx3~Zx4!, d2i5Zx4~2Zx3!,

Bi5 sinb~cosb!, Ai5 cosb~2 sinb!,

Ci5 sina~cosa!, Di5 cosa~2 sina!
~7!

for up ~down! type quarks. We denote bymH2
,mH1

the two

scalar Higgs boson masses, anda denotes the Higgs mixing
angle.2

As discussed in@6#, the elastic cross section for scatterin
off a nucleus can be decomposed into a scalar~spin-
independent! part obtained from thea2i term in Eq.~3!, and

2We note that Eq.~5! is taken from@23# and that Eqs.~4!,~5! agree
with @2,7,24#.
6-3
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a spin-dependent part obtained from thea3i term. Each of
these can be written in terms of the cross sections for ela
scattering for scattering off individual nucleons. We r
evaluated the relevant matrix elements in@6#. Here we limit
ourselves to recalling that:

There are uncertainties in thescalar part of the cross
section associated with the ratios of the light-quark mas
which we take from@9#:

mu

md
50.55360.043,

ms

md
518.960.8 ~8!

and information from chiral symmetry applied to baryon
Here the principal uncertainty is associated with the exp
mental value of thep-nucleons term and the correspondin
values of the ratios of theBq[^puq̄qup&. Following @10#, we
use

z[
Bu2Bs

Bd2Bs
51.49 ~9!

with a negligible experimental error, and@11#

y[
2Bs

Bd1Bu
50.260.1, ~10!

which yields

Bd

Bu
50.7360.02. ~11!

The difference between the scalar parts of the cross sec
for scattering off protons and neutrons are rather small.

The spin-dependent part of the elasticx-nucleus cross
section can be written in terms of axial-current matrix e
mentsD i

(p,n) that parametrize the quark spin content of t
nucleon. We extract from a recent global analysis@12# the
values

Du
(p)50.7860.04, Dd

(p)520.4860.04,

Ds
(p)520.1560.04 ~12!

where the errors are essentially 100% correlated for the t
quark flavors. In the case of the neutron, we haveDu

(n)

5Dd
(p) ,Dd

(n)5Du
(p) , andDs

(n)5Ds
(p) .

III. COSMOLOGICAL AND EXPERIMENTAL
CONSTRAINTS

As noted in@6#, several convergent measures of cosm
logical parameters@1# have suggested that the cold dark m
ter densityVCDM50.360.1 and that the Hubble expansio
rateH[h3100 km/s/Mpc:h50.760.1, leading to our pre-
ferred range 0.1<VCDMh2<0.3. The recent data on th
spectrum of cosmic microwave background fluctuatio
from BOOMERANG@26# and MAXIMA @27# are consistent
with this range, but do not significantly constrain it furthe
06501
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The upper limit onVCDM can be translated directly into th
corresponding upper limit onVx . However, it is possible
that there is more than one component in the cold dark m
ter, for example axions and/or superheavy relics as wel
the lightest supersymmetric particle~LSP! x, opening up the
possibility thatVx,0.1. For a given value ofmx , values of
the MSSM parameters which lead toVx,0.1 tend to have
largerx annihilation cross sections, and hence larger ela
scattering cross sections. Note, however, that the up
bound,Vxh2,0.3, is a firm upper bound relying only on th
lower limit to the age of the Universe,tU.1.231010 years
~with V total<1).

However, in such a ‘‘shared’’ cold dark matter scenar
the packing fraction of neutralinos in the galactic halo m
be reduced. As discussed in@28#, for example, dark matte
particles are taken into the halo in ‘‘sheets’’ in phase spa
whose thicknesses are determined by their initial~thermal!
velocity. The ‘‘sheets’’ of cold dark matter particles are
negligible thickness, so the ratios of their densities in
halo are identical with their cosmological densities, a
therefore

rx

rCDM
5

Vx

VCDM
. ~13!

On the other hand, the ‘‘sheets’’ of hot dark matter partic
are of finite thickness related to their thermal velocities at
onset of structure formation, which limits the possible pha
space density of hot dark matter particles, so t
rHDM /rCDM,VHDM /VCDM in general@28#. Moreover, a
large ratioVHDM /VCDM is currently not expected.

The LSP detection rate also must be reduced corresp
ingly to Eq. ~13!. Accordingly, when we consider MSSM
parameter choices that haveVxh2<0.1, we rescale the cal
culated scattering rate by a factorVxh2/0.1. This rescaling
by the minimal acceptable value ofVCDMh2 is relatively
optimistic.

For the calculation of the relic LSP density, we have
cluded radiative corrections@18# to the neutralino mass ma
trix and include all possible annihilation channels@29#. In the
MSSM, it is well known that there are large regions of t
M2 ,m parameter plane for which the LSP and the next lig
est neutralino~NLSP! and/or chargino are nearly degenera
namely in the Higgsino portion of the plane whenM2@m. It
was shown@30,31# that, in these regions, coannihilations b
tween the LSP, NLSP, and charginos are of particular imp
tance in determining the final relic density of LSPs, and th
have been included in the present calculation. Inclusion
these coannihilation channels has the important consequ
that, in the Higgsino regions where one expects larger ela
scattering cross sections, the relic abundance is substan
reduced. On the other hand, we do not include here coa
hilations between the LSP and the sleptonsl̃ @32#, in particu-
lar the lighter staut̃1, which were shown to play an impor
tant role in models with scalar mass universality also
6-4
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EXPLORATION OF ELASTIC SCATTERING RATES FOR . . . PHYSICAL REVIEW D 63 065016
the Higgs multiplets~UHM!.3 These are known, in particu
lar, to be important for determining the maximum possib
generic value ofmx in the UHM case, but are of less gener
importance thanx2x82x6 coannihilations in the non
universal~NUHM! case considered here. For the same r
son, we have also not implementedx2 t̃ coannihilation@33#.
The neglect of suchx2 f̃ coannihilation processes is gene
ally conservative as far as the elastic scattering rates are
cerned, since any reduction they cause inVxh2 is unlikely to
be compensated by a corresponding enhancement in the
tic scattering cross section. We also do not pay any partic
attention to the narrow parameter slice of mixed gaugino
Higgsino dark matter whereumu}m1/2 andmx may become
large@34#, because this requires an adjustment of parame
at the % level, and is hence not generic. However, these
sampled, with the appropriate weighting, in our general r
domized scan of the parameter space.

The lower limit on mx depends on the sparticle sear
limits provided by LEP and other experiments@18,19#. The
most essential of these for our current purposes are th
provided by the experimental lower limits on the light
chargino massmx6 and the lighter scalar Higgs boson ma
mH2

. As discussed in@19#, here we assume a lower lim
mx6>101 GeV. The impact of the recently-improved low
limit on the Higgs boson mass@35# is potentially more sig-
nificant@19#, particularly for tanb53, as displayed in Figs. 6
of @19#. The present experimental lower limit for tanb53
approachesmH2

.107 GeV@35#. In implementing this con-

straint, we allow a safety margin of;3 GeV in the MSSM
calculations ofmH2

@36#, and hence require the MSSM ca

culation to yieldmH2
.104 GeV for tanb53. In the case of

tanb510, the LEP constraint on the MSSM Higgs bos
mass is weaker~see Fig. 6 of@19#!, and we require only
mH2

.86 GeV, which includes again a 3 GeV margin of

uncertainty. The corresponding limit onm0 andm1/2 in this
case may be ignored@19#. The other two constraints that w
implement are on sfermion masses, which we require to
~i! larger than 92 GeV, and~ii ! larger than that of the lightes
neutralino. We recall also the importance of theb→sg con-
straint@37#, which we implement in an approximate way, b
requiringmA.300 GeV form,0 @19#. As also discussed in
@19#, requiring our present electroweak vacuum to be sta
against transitions to a lower-energy state in which elec
magnetic charge and color are broken~CCB! @38# would
remove a large part of the cosmologically favored domain
MSSM parameter space. We have not implemented this
tional requirement in the present study. In the next sect
we will show the effect of the various experimental co
straints on our scan of the parameter plane.

IV. MSSM PARAMETER SCAN

We have scanned systematically the MSSM param
space, taking into account the cosmological and experim

3Since we consider that complete relic density calculations inc
ing these coannihilation effects are not available for large tanb, we
restrict our attention to tanb<10.
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tal constraints enumerated in the previous section and im
menting the MSSM vacuum conditions for the representa
choices tanb53 and 10. As discussed in@19#, lower values
of tanb are almost entirely excluded by LEP. Our parame
scan was over the following ranges of parameters:

0,m0,1000, ~14!

80,umu,2000, ~15!

80,M2,1000, ~16!

0,mA,1000, ~17!

21000,A,1000. ~18!

The main scan, which coversm0 , m andM2.100 GeV and
mA.300 GeV, was supplemented with smaller but sign
cant subscans, to cover the smaller values of these four
rameters as described below. The values ofm0 we use are
fixed at the unification scale;1016 GeV, while the values of
the remaining parameters,m, M2 , mA , andA are evaluated
at the electroweak scale. The lower cut off on bothM2 andm
is due to the lower limit on the chargino mass.

As indicated above, we impose a lower limitmA.300
GeV for m,0 to avoid problems withb→sg. As can be
seen from Fig. 4 of@19#, there are regions ofm,0 which are
also excluded byb→sg when mA.300 GeV. Similarly,
even form.0, where we impose no cut off onmA , we have
included some points which should be excluded on the b
of b→sg @19#. Therefore, our crude treatment of theb
→sg constraint is quite conservative. A more sophistica
treatment would thin out the population of points in th
range of cross sections that we find, not expand it.4

As can be seen in Table I, the overall scan was divid
into three~four! specific regions for each value of tanb and
m negative~positive!, each with the number of points listed
For each scan, we used a linear measure, which is refle
in the densities of points in the subsequent figures. The s
scans with lower thresholds were designed to scour caref
the regions of MSSM parameter space close to the LEP
clusions, with the aim of ensuring that we sampled poi
close to their boundaries. For each subscan, we show
number of points which survive all the LEP experimen
constraints discussed above, and we see that lower frac
of the low-threshold subscans survive them, in particular
cause they tend to yield excluded values of the charg
mass. Figure 1 provides some insight into the impacts of
different LEP constraints for the case tanb53 and m.0.
We plot in Fig. 1 the points scanned in theM22m parameter
plane. In making this scatter plot, we show a randomly c
sen subset of 5000 of the 90000 points sampled,5 since it is

-

4The existing theoretical calculations ofb→sg are not accurate a
large tanb ~private communication from P. Gambino, via G. Gani!,
which is another reason why we do not yet study this case.

5We have checked that there is no qualitative difference betw
this plot and the much denser plot with all points shown.
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TABLE I. Details of MSSM parameter scans, including the numbers of points that survive the
constraints and have a relic density in the favored range.

Scan Total points Survived LEP 0.1<Vh2<0.3

M2 ,m,m0>100, mA>300
tanb53, m.0 30 000 17 817 1552
tanb53, m,0 30 000 17 210 901
tanb510, m.0 30 000 26 498 2588
tanb510, m,0 30 000 26 507 2337
100>M2 , m>80, m0>100, mA>300
tanb53, m.0 20 000 75 0
tanb53, m,0 20 000 4410 30
tanb510, m.0 20 000 1632 14
tanb510, m,0 20 000 4480 58
M2 ,m>80, m0<100, mA>300
tanb53, m.0 20 000 2669 663
tanb53, m,0 20 000 2247 487
tanb510, m.0 20 000 5394 2436
tanb510, m,0 20 000 5140 2377
M2 ,m>80, m0>0, mA<300
tanb53, m.0 20 000 2208 164
tanb510, m.0 20 000 12096 1170
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much easier to pick out the relevant physical effects of
cuts in such a subset of points, the full plot being extrem
dense.

We see that the chargino cut removes points at low va
of m andM2, denoted by~green! pluses, that the Higgs cu
then removes many more points with lowM2, denoted by
~red! crosses, that the sfermion cut removes still more po
with low M2, denoted by~violet! triangles ~this occurs at
high A and/orm when there is a sizable off-diagonal comp
nent in the sfermion mass matrix!, and that the LSP cut tend
to remove points at higherM2 denoted by~golden! dia-
monds. The surviving~blue! squares are spread over th
m,M2 plane, except for small values. Note that some po
may fail to survive more than one of the above cuts. Th
are only denoted by the first cut tested and failed in the or
listed above. The scans for the opposite sign ofm and for
tanb510 exhibit similar features, and are omitted here. T
only noticeable difference whenm.0 is that not so many
were points eliminated by the Higgs cut at large values
M2 for m,0, because we imposed the limitmA.300 GeV:
for m.0, many more points were run with lowmA and
hence lowmH2

. Also, for tanb510, more points survive a

low m and/orM2 due to the relaxed constraint on the Hig
boson mass.

The last column of Table I shows how many of the poin
that survive the LEP constraints and have relic densitie
the cosmologically preferred range 0.1<Vxh2<0.3. It is ap-
parent that most of the preferred points emerge from the
scan withM2 ,m.100, as the lower values which were e
plored thoroughly in the second subscan generally failed
chargino cut. More details of the scan over cosmologi
relic densities for tanb53 andm.0 are shown in Fig. 2. As
in Fig. 1, we show only a randomly selected subset of 50
points out of the total of approximately 22000 points whi
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survived the LEP cuts. We see that, among the points
survived the previous LEP constraints, those with a sm
ratio of m/M2 generally have too small a relic density, d
noted by~green! pluses, as a result of over-efficientx2x8
2x6 coannihilation, whereas points withm/M2;1 to 5
tend to have too large a relic density, denoted by~red!
crosses, particularly ifm andM2 are individually large. The
points with a relic density in the preferred range 0
<Vxh2<0.3, denoted by~blue! squares, tend to accumula
aroundm/M2;1/2 or low M2. The former points are in the
transition region between over-efficientx2x82x6 coanni-
hilation and under-efficient annihilation at largem and M2,
whereas the latter are in the region of lowM2 where careful
implementation of the LEP constraints is essential. Howev
it is apparent from Fig. 2 that there are exceptions to th
general trends. We do not discuss them in detail, but rem
that we have made an attempt to understand at least t
exceptions that lead to ‘‘unusual’’ elastic scattering cro
sections.

V. ELASTIC SCATTERING CROSS SECTIONS

We now discuss the values of the elastic scattering cr
sections that are attainable, bearing in mind the LEP
cosmological relic density constraints. Figure 3 illustrates
allowed ranges of elastic scattering cross sections for
points included in our scan for the particular case tab
53, m.0, as it was described in the previous section. P
ted is a subset of 3000 of the 90000 points scanned, indi
ing which points survive all the LEP cuts, and which oth
points fail which LEP cut. We find similar results for tanb
510 and/or the opposite sign ofm, with the exception that
when m,0 we find some points trickling down below th
apparent boundary at;10210 pb in Fig. 3~b!, because of
6-6
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cancellations similar to those discussed in@6#.
We note, in particular, that the LEP chargino and Hig

cuts remove many points with lowmx and/or large elastic
scattering cross sections. The sfermion mass cut is
important. The constraint thatx be the LSP removes quite
large number of points, populated more or less evenly
these cross section plots. The somewhat sparse se
points with very small cross sections give some measur
how low the cross section may fall in some special cas
These reflect instances where particular cancellations
place, examples of which were discussed in@6#, and should
not be regarded as generic. The lower boundary of
densely occupied region in Fig. 3 offers an answer to
question how low the elastic scattering cross sections m
reasonably fall, roughlys;1029 pb for the spin-dependen
cross section and;10210 pb for the spin-independent cros
section.

We would like to draw particular attention to th
spin-independent cross section shown in Fig. 3~b!. Notice
that there are parameter choices with very large scatte
cross sections. In this random selection, the cross-sec
may be as high as a few31024 pb, and could even be large
than that claimed by DAMA. Indeed, in the full set of 9000

FIG. 1. ~Color!. Results of the scan of MSSM parameter spa
for tanb53 andm.0 summarized in Table I, illustrating the im
pacts of the various LEP constraints. We denote by~green! pluses
the points that fail the chargino cut:mx6>101 GeV, by ~red!
crosses the remaining points that survive the chargino cut but
the Higgs cut:mH2

>104 GeV, by~violet! triangles the points sur
viving the previous cuts that fail the sfermion cut:mf̃>92 GeV, and
by ~golden! diamonds the points surviving the previous cuts that
not have the lightest neutralino as the LSP. The~blue! squares
denote scan points that survive all these LEP cuts.
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points scanned, there are even a few points which surp
1023 pb. However,all of these points have been exclude
by LEP ~primarily by the Higgs boson mass cut!. The
largest surviving cross section is slightly over 1027 pb, in
both the randomly selected subset and the full scan.
m,0, the upper boundary in the scalar cross section
about an order of magnitude lower, as was the case in
model with universal Higgs boson masses@6#. Note also that,
for m,0, the limit mA.300 GeV we impose removes th
points with large cross sections~in this case withsscalar
*1028 pb!.

The next step is to implement the cosmological relic de
sity constraints. We show in Fig. 4 the cross sections
tained for a representative subsample of points with tab
53, m.0 that survive the LEP cuts, sorted according to t
calculated values ofVxh2. Spin-dependent cross sections a
plotted in panels~a! and~c!, and spin-independent cross se
tions are plotted in panels~b! and ~d!. We include in panels
~a! and~b! the cross sections calculated for unrealistic mo
els with Vxh2.0.3, and without making any rescaling co
rection for points withVxh2,0.1. The over-dense point
with Vxh2.0.3, denoted by~red! crosses, have been re
moved in panels~c! and~d!, and the cross sections for unde
dense points withVxh2,0.1, denoted by~green! pluses,
have been rescaled by the appropriate halo density frac
~1!. As could be expected, the over-dense points tend to h

e

il

o

FIG. 2. ~Color!. Results of the scan of MSSM parameter spa
for tanb53 andm.0 summarized in Table I, illustrating the im
pact of the cosmological relic density constraint on the points t
survived the LEP constraints illustrated in Fig. 1. We denote
~green! pluses the points that have too small a relic density:Vxh2

,0.1, by~red! crosses the points that have too high a relic dens
Vxh2.0.3, and by~blue! squares the good points for which 0.
<Vxh2<0.3.
6-7
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JOHN ELLIS, ANDREW FERSTL, AND KEITH A. OLIVE PHYSICAL REVIEW D63 065016
FIG. 3. ~Color!. Scatter plots of~a! the spin-dependent and~b! the spin-
independent elastic scattering cross sections for tanb53, m.0 for a rep-
resentative subsample of 3000 points, illustrating the impacts of the
constraints. The~green! plus signs denote points that fail the chargino ma
constraint, which usually have smallmx and sometimes large cross section
The ~red! crosses denote surviving points that fail the Higgs boson m
constraint, some of which have large spin-independent cross sections
~violet! triangles denote surviving points that fail our~approximate! sfer-
mion mass cut. The~golden! diamonds denote points wherex is not the
LSP, and the~blue! squares denote points that survive all the LEP cuts.
06501
smaller cross sections, and the under-dense points la
cross sections before applying the rescaling correction. A
rescaling, the under-dense points yield cross sections in
range found for the favored points with 0.1<Vxh2<0.3, de-
noted by~blue! boxes. For tanb510 andm.0, the scalar
cross section is about an order of magnitude higher for po
which survive all cuts. Relative to the cases withm.0, the
m,0 cases have a scalar cross section which is 1-2 orde
magnitude smaller, because of theb→sg-motivated cutmA

.300 GeV form,0.
A comparison with Fig. 2 shows that the largest cro

sections displayed in Figs. 4~a,b!, are almost all for
Higgsino-like states whose elastic cross section is media
by Z exchange. These are cosmologically under-dense,
to a combination of large annihilation and coannihilati
cross sections. The cosmologically over-dense regions w
relatively low elastic cross sections are mainly for gaugin
like states, and are for the most part more massive than
GeV, which is the oft-quoted upper bound on the bino m
in the MSSM@39#.

Our resulting predictions for the spin-dependent elas
neutralino-proton cross section for tanb53 andm.0, after
taking into account the LEP and cosmological constrain
are shown in Fig. 5~a!, where a comparison with the UHM
case is also made.6 The raggedness of the upper and low
boundaries of the dark~blue! shaded allowed region reflec
the coarseness of our parameter scan, and the relatively
density of parameter choices that yield cross sections clos
these boundaries. We see that, at lowmx close to the LEP
limit, the spin-dependent cross section may be as much a
order of magnitude greater than in the UHM case conside
previously @6#, shown by the concave~red and turquoise!
strip. However, even for lowmx , the attainable range is fa
below the present experimental sensitivity, which is
sspin;1 pb, and could be many orders of magnitude low
As mx increases, the maximum allowed value ofsspin de-
creases, though not as rapidly as in the previous UHM c
@6#. The hadronic uncertainties are basically negligible
this spin-dependent cross section, as seen from the light~yel-
low! shading. Turning now to the option tanb53 and m
,0 shown in Fig. 5~b!, we see that the allowed range of th
spin-dependent cross section is similar to that in the tab
53, m.0 option. This is in contrast to the situation in th
UHM @6#, where the spin-dependent cross section at lowmx

is much smaller form,0 than form.0. However, the cross
section is still three or more orders of magnitude away fr
the present experimental upper limit. In the option tab
510 andm.0 shown in Fig. 5~c!, we see that the attainabl
range of the spin-dependent cross section is again simila
the previous option. This again contrasts with the UHM ca
where the narrow allowed band for largemx;500 GeV was
somewhat higher than for the option tanb53 andm.0. As
shown in Fig. 5~d!, our results for tanb510 andm,0 are
very similar to those form.0.

6In contrast to@6#, here we have taken into account the upda
LEP constraints.
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FIG. 4. ~Color!. Scatter plots~a!,~c! of the spin-dependent and~b!,~d! of the spin-independent elastic scattering cross sections for
tanb53, m.0, after implementing the LEP constraints, exhibiting the impacts of the cosmological relic density constraints. The~green!
pluses haveVxh2,0.1, the favored~blue! boxes have 0.1<Vxh2<0.3, and the~red! crosses haveVxh2.0.3. Note in panels~c! and~d! the
impacts of removing the over-dense points, which tend to have lower cross sections, and rescaling the under-dense points as in Eq~1!,
suppressing some high cross section points.
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The analogous results for the spin-independent elas
neutralino-proton cross section, after taking into account
LEP and cosmological constraints, are shown in Fig.
where comparisons with the UHM case are also made.
see in panel Fig. 6~a! for tanb53 andm.0 a pattern that is
similar to the spin-dependent case. For smallmx , the spin-
independent scalar cross section, shown by the dark~blue!
shaded region, may be somewhat higher than in the UH
0650
tic
e

6,
e

M

case, shown by the~red and turquoise! diagonal strip, while
it could be much smaller. For largemx , the cross section
may be rather larger than in the UHM case, but it is alwa
far below the present sensitivity. The case shown in panel~b!
of tanb53 andm,0 is somewhat different: the cross sec
tion never gets to be significantly larger than the UHM valu
at smallmx . The reason for the anomalous extension of t
UHM band outside the more general range is that the new
16-9
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FIG. 5. ~Color!. Allowed ranges of the spin-dependent elastic neutralino-proton cross section for~a! tanb53 andm.0, ~b! tanb53 and
m,0, ~c! tanb510 andm.0 and~d! tanb510 andm,0. The main~blue! shaded regions summarize the envelopes of possible va
found in our scan, for points respecting the LEP constraints, discarding points withVxh2.0.3, and rescaling points withVxh2,0.1
according to Eq.~1!. The small light~yellow! shaded extensions of this region reflect the hadronic matrix element uncertainties discu
Sec. II. The concave~red and turquoise! strips are those found previously assuming universal Higgs scalar masses~UHM! @6#.
ht
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analysis reflected in the~blue and yellow! shaded region in-
corporates updated LEP constraints@19#, that are signifi-
cantly stronger for small tanb and smallmx than those used
in @6#. This ‘‘anomaly’’ is absent in panel~c! for tanb510
andm,0, which closely resembles panel~a!, and also panel
~d! for tanb510 andm.0. We note in panel~d! a lesser
reappearance of the ‘‘anomalous’’ outdated UHM region
smallmx . The dip in the~red and turquoise! UHM band for
mx;230 GeV in panel~d! reflects rather special cancella
tions@6# that are absent in the more general case. Overall,
06501
at

-
we

note that the hadronic uncertainties, denoted by the lig
~yellow! bands, are somewhat larger in the spin-independe
case than in the spin-dependent case.

VI. SUMMARY AND PROSPECTS

In this paper we have extended the analysis of@6# to con-
sider a more general sampling of supersymmetric mode
relaxing the UHM assumption we made previously. For eac
of two choices of tanb and m negative~positive!, we have
6-10
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FIG. 6. ~Color!. Allowed ranges of the spin-independent elastic neutralino-proton cross section for~a! tanb53 andm.0, ~b! tanb
53 andm,0, ~c! tanb510 andm.0 and~d! tanb510 andm,0. The main~blue! shaded regions summarize the envelopes of poss
values found in our scan, for points respecting the LEP constraints, discarding points withVxh2.0.3, and rescaling points withVxh2

,0.1 according to Eq.~1!. The small light~yellow! shaded extensions of this region reflect the hadronic matrix element uncerta
discussed in Sec. II. The~red and turquoise! diagonal strips are the results found assuming universal Higgs scalar masses~UHM! @6#.
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sampled 70000~90000! sets of MSSM parameters, 30000
general scans and 20000 each in two~three! special subscan
over lower values ofM2 ,m,m0 ~and mA). We have imple-
mented the current LEP constraints on MSSM parame
@19#, discussing in detail which scan points survive which
these constraints. We have further discussed which of
remaining scan points yield a cosmological relic density
the allowed rangeVxh2<0.3, and which of these are in th
preferred rangeVxh2>0.1. We exclude from further consid
eration the over-dense points withVxh2.0.3, and rescale
0650
n

ers
of
the
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the predicted cross sections for under-dense points w
Vxh2,0.1 as in Eq.~1!.

The cross sections we predict for spin-dependent a
spin-independent elastic neutralino-proton scattering for d
ferent values of tanb and the sign ofm are shown in Figs. 5
and 6, respectively. We provide in Fig. 7 a compilation of
our results, compared with the present experimental up
limits on the cross sections@13# and the detection of spin-
independent scattering reported by the DAMA Collaborati
@16#. The light~yellow! shaded regions correspond to the fu
16-11
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JOHN ELLIS, ANDREW FERSTL, AND KEITH A. OLIVE PHYSICAL REVIEW D63 065016
FIG. 7. ~Color!. Compilations of our allowed ranges for~a! the spin-dependent elastic neutralino-proton cross section, and~b! the
spin-independent elastic neutralino-proton cross section for both the values of tanb and the signs ofm studied. These ranges are shown
the light ~yellow! shaded regions. The dark~blue! shaded regions correspond to the allowed ranges when the parameters are restri
assuming universal Higgs scalar masses~UHM! @6#. Our results are compared in panel~a! with the available experimental upper limits@13#,
and in panel~b! with the detection reported by the DAMA Collaboration@16#, as well as with upper limits from other experiments@13#.
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In the future, we plan to improve the available relic de

sity calculations by extending them to larger tanb, incorpo-
rating consistently all coannihilation processes, in the co
text of a general study of MSSM phenomenology at lar
tanb. On the experimental side, we expect that other C
laborations will soon be able to confirm or exclude defin
tively the DAMA interpretation of their annual modulation
signal as being due to neutralino scattering. Looking furth
ahead, we interpret our results as indicating a high prior
for a new generation of direct dark matter detection expe
ments@40# with a much higher sensitivity.
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