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Cosmic ray positron excess and neutralino dark matter
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Using a new instrument, the HEAT Collaboration has confirmed the excess of cosmic ray positrons that they
first detected in 1994. We explore the possibility that this excess is due to the annihilation of neutralino dark
matter in the galactic halo. We confirm that neutralino annihilation can produce enough positrons to make up
the measured excess only if there is an additional enhancement to the signal. We quantify the ‘‘boost factor’’
that is required in the signal for various models in the Minimal Supersymmetric Standard Model parameter
space, and study the dependence on various parameters. We find models with a boost factor>30. Such an
enhancement in the signal could arise if we live in a clumpy halo. We discuss what part of supersymmetric
parameter space is favored~in that it gives the largest positron signal!, and the consequences for other direct
and indirect searches of supersymmetric dark matter.
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I. INTRODUCTION

Several years ago the HEAT Collaboration reported
excess of cosmic ray positrons with energies;10 GeV @1#.
In the past year they again measured this excess using a
instrument, and found excellent agreement@2#. In this paper
we reexamine the possibility that this excess is due to a
hilations of weakly interacting massive particles~WIMPs! in
the galactic halo, in particular the neutralinos in supersy
metric models. The possibility of detecting positrons as
nihilation products of WIMPs in the galactic halo has be
discussed previously, both as a continuum and as a m
chromatic source@3–8#. We update the results of@7# includ-
ing the new data, and confirm the conclusions of that pa
finding that neutralino annihilation cannot produce enou
positrons to make up the measured excess without an a
tional enhancement to the signal. Recently, this point
been reiterated in Ref.@9#.

In calculating the observed positron flux from annihil
tions in the halo, we encounter several astrophysical un
tainties. First, cosmic ray propagation is not perfectly und
stood, although the errors are unlikely to be larger tha
factor of two. More importantly, the structure of the galac
dark halo is unknown. Any clumpiness in the halo serves
enhance the signal, whether it is a single nearby clump~or
one containing the Earth!, or a uniform distribution of
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clumps. There is no compelling argument for any particu
value of the enhancement factor, be it unity or in the tho
sands or more. In this paper we carefully discuss the po
bility that a clumped galactic halo could account for the me
sured positron excess.

We defineBs to be the boost factor that the WIMP ann
hilation signal from a smooth galactic halo must be mu
plied by to match the HEAT data. We have explored mod
in the Minimal Supersymmetric Standard Model~MSSM!
parameter space to find how large the boost factor mus
for each of the models. The lowest boost factor we found
roughly 30 for a WIMP that is primarily aB-ino in content
with mass 160 GeV. ForBs,100, we find that the models
are gaugino dominated, although some have signific
Higgsino fractions. The masses of the models are in
range 150–400 GeV for the most part. For 100,Bs,1000,
the masses are as large as 2 TeV, and some very pure Hi
nos become allowed. For both cases there are a signifi
number of models that have a large contribution toam so that
the anomalous magnetic moment of the muon can be
plained. We have investigated the dependence of the b
factor on various parameters. There is essentially no dep
dence on parameters such as tanb or m0 ~the sfermion mass
scale!. The boost factor does depend strongly on the re
density of WIMPs; the lowest boost factors are required
the models with the smallest relic density without rescal
~defined below!.

One can ask the question: even with a large boost fac
can neutralino annihilation produce the ‘‘bump’’ seen in t
positron spectrum just above 10 GeV? Even if there is a
signal direct from the annihilation, it gets spread out by t
propagation, so that a bump does not get produced. Thu
©2002 The American Physical Society11-1
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one looks ‘‘by eye,’’ one concludes that neutralinos can
produce the data. However, this is an inappropriate way
ask the question. One should instead study the problem
tistically to see if one can find a neutralino model with
goodx2. With a combination of background and annihilatio
signal, we are able to find statistically reasonable fits to
spectral shape for boost factors above 30.

II. SUPERSYMMETRIC MODEL

We work in the Minimal Supersymmetric Standa
Model. In general, the MSSM has many free parameters,
with some reasonable assumptions we can reduce the n
ber of parameters to the Higgsino mass parameterm, the
gaugino mass parameterM2, the ratio of the Higgs vacuum
expectation values tanb, the mass of theCP-odd Higgs bo-
sonmA , the scalar mass parameterm0 and the trilinear soft
supersymmetry-~SUSY-!breaking parametersAb and At for
the third generation. In particular, we do not impose a
restrictions from supergravity other than gaugino mass u
fication. For a more detailed definition of the parameters
a full set of Feynman rules, see Refs.@10–12#.

The lightest stable supersymmetric particle in the minim
supersymmetric standard model is most often the lightes
the neutralinos, which are superpositions of the superpart
of the neutral gauge and Higgs bosons,

x̃1
05N11B̃1N12W̃

31N13H̃1
01N14H̃2

0 . ~1!

For many values of the MSSM parameter space, the r
densityVxh2 of the ~lightest! neutralino is of the right orde
of magnitude for the neutralino to constitute at least a par
not all, of the dark matter in the Universe~for a review see
Ref. @13#!. Here Vx is the density in units of the critica
density andh is the present Hubble constant in units
100 km s21 Mpc21. Present observations favorh50.7
60.1, and a total matter densityVM50.360.1, of which
baryons contribute roughlyVbh2'0.02 @14#. Thus we take
the range 0.05<Vxh2<0.25 as the cosmologically interes
ing region. This region can be narrowed somewhat if
consider the results of cosmic microwave backgrou
~CMB! anisotropy measurements~summarized in e.g.@15#!,
which favor Vxh250.1460.05. We are also interested
models where neutralinos are not the only component of d
matter, so we separately consider models with arbitra
small Vxh2.

As a scan in MSSM parameter space, we have used
database of MSSM models built in Ref
@10,11,16,17,7,18,19#. The overall ranges of the seve
MSSM parameters are given in Table I. While the ranges

TABLE I. The ranges of parameter values used in the MSS
scans of Refs.@10,11,16,17,7,18,19#.

Parameter m M2 tanb mA m0 Ab /m0 At /m0

Unit GeV GeV 1 GeV GeV 1 1

Min 250000 250000 1.0 0 100 23 23
Max 50000 50000 60.0 10000 30000 3 3
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extreme, most interesting models fall in a much more mod
region of parameter space, with the notable exception
very pure Higgsinos, and thus very largeM2, cannot be ruled
out at present. The database embodies one-loop correc
for the neutralino and chargino masses as given in Ref.@20#,
and leading logarithmic two-loop radiative corrections f
the Higgs boson masses as given in Ref.@21#. For all of the
MSSM models in the scan of parameter space, the data
contains results for expected detection rates of the parti
in a variety of neutralino dark matter searches. The datab
includes the relic density of neutralinosVxh2. The relic den-
sity calculation in the database is based on Refs.@11,22# and
includes resonant annihilations, threshold effects, fin
widths of unstable particles, all two-body tree-level anni
lation channels of neutralinos, and coannihilation proces
between all neutralinos and charginos. The database als
cludes the supersymmetric correction to the anomalous m
netic moment of the muonam5(gm22)/2 which is impor-
tant for dark matter searches in light of new data@23#
indicating a deviation from the standard model prediction,
discussed by e.g. Ref.@24#. In this paper we will identify
models that have a large contribution, 10310210

<Dam(SUSY)<75310210, to the anomalous magnetic mo
ment of the muon as being particularly interesting.

We examined each model in the database to see if
excluded by the most recent accelerator constraints.
most important of these are the CERNe1e2 collider LEP
bounds@25# on the lightest chargino mass

mx
1
1.H 88.4 GeV, umx

1
12mx

1
0u.3 GeV

67.7 GeV otherwise,
~2!

and on the lightest Higgs boson massmh ~which ranges from
91.5 to 112 GeV depending on tanb) and the constraints
from b→sg @26# ~we use the leading order implementatio
in DARKSUSY @27#!.

III. POSITRON FLUX

We obtain the positron flux from neutralino annihilatio
in the galactic halo following Ref.@7#. The model is a true
diffusion model and assumes that the diffusion region
tangled galactic magnetic field is an infinite slab. This a
proximation is reasonable since most of the positrons
emitted quite nearby so that the outer radial boundary
unimportant. Furthermore, energy losses due to synchro
radiation and inverse Compton scattering from the cos
microwave background and from starlight are included. T
model roughly agrees with earlier work@4#, although the
inclusion of inverse Compton scattering from starlight is c
cial as it doubles the energy loss rate.

As we will discuss in the following sections, the positro
flux from a smooth galactic halo is too low to explain th
positron excess, as has been discussed previously@7,9#.
However, any deviations from smoothness serve to enha
the annihilation signal, as the annihilation rate is proportio
to the neutralino density squared. However, we must be c
ful that in postulating a boost factor, we do not overprodu
the other products of neutralino annihilation, especially an
1-2
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COSMIC RAY POSITRON EXCESS AND NEUTRALINO . . . PHYSICAL REVIEW D65 063511
protons and gamma rays@28#. We do have some freedom
here, in that the boost factors for positrons, antiprotons
gamma rays are not necessarily equal, as their propagati
not the same. For example, a nearby clump would serv
increase the positron flux more than it would increase
antiproton or gamma ray fluxes, as positrons have the sh
est range~they have shorter range than the antiprotons
cause of their rapid energy loss!. Many of the antiprotons
come from far away, outside the location of the clump,
most a third of them from as far away as the galactic cen
Positrons, on the other hand, come from much clo
roughly within a few kiloparsecs.

We will fit the full positron data set of the HEAT exper
ments~1994 and 1995 combined data@1# and the 2000 data
@2#!. We use the positron fraction data, as the error bars
smaller and the data cleaner. The full data set consists o
independent measurements of the positron fraction at var
energies.

We will in the following assume that the standard pred
tion for the positron background@29,30# is correct to within
a normalization factorN. We are aware that cosmic ra
propagation is not completely understood, and that even
best efforts to reproduce the observed cosmic ray spe
need to rely on yet-to-be-understoodad hocassumptions on
the dependence of the diffusion constant on energy and
the source spectrum@30#. However, we gather from the latte
work that the discrepancies between the observed and t
retical positron spectra lie preponderantly at energies sm
than a few GeV, where they can become as large as a fa
of 4 in the hundreds of MeV range. At the slightly high
energies where the HEAT bump is, the theoretical model
@30#, which cover a wide range of theoretical assumptio
agree to within 20%. While this may give some justificati
to our use of model 08-005 of Ref.@29# as our standard
positron background, we nevertheless stress that it ma
possible to explain the positron bump by purely astrophy
cal means~although we do not know how!. Keeping these
uncertainties in mind, we proceed with the assumption t
the background calculation is correct, and we study the p
sibility that neutralino annihilation can account for the e
cess positrons.

We assume that the positron signal from neutralino an
hilation can be rescaled by a normalization factor~boost fac-
tor! Bs . We find that the best fit normalization of the bac
ground with no signal from neutralinos isN51.14, withx2

53.33 per degree of freedom. When adding the signal,
make a simultaneous fit of the normalization of the ba
groundN and the normalization of the signalBs , for each
supersymmetric model in the database. We say that a g
model ‘‘gives a good fit to the positron data’’ when~1! the
background-plus-signal fit fits the data better than
background-only fit with a decrease inx2 per degree of free-
dom greater than unity, namely the background-plus-sig
fit hasx2<2.33 per degree of freedom;~2! the best fit nor-
malization of the backgroundN is between 0.5 and 2.0
namely the calculation of@29# is correct to within a factor of
two according to the best fit.

The positron fluxes are more than an order of magnit
smaller than the HEAT measurements, and we find that
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best fit normalizations of the signalBs lie between 30 and
1010. Values ofBs as large as 1010 are hardly realistic, butBs
up to 100–1000 might be acceptable given the uncertain
in the halo structure~the halo could e.g. be clump
@31,28,32#!.

A. Antiprotons

In addition, we require that the antiproton flux from ann
hilations @33,18# not be too large, given the boost factor r
quired for each model. There is a significant correlation
tween the antiproton and positron fluxes due to neutra
annihilations~see e.g. Fig. 8 of Ref.@7#!, so this constraint is
important. Following Ref.@28#, we take the antiproton flux
as

F p̄5k~110.75Bs!F p̄
smooth, ~3!

wherek represents the difference in enhancement factors
tween the antiprotons and positrons. The factor 0.75 co
from the fact that the antiprotons that reach the Earth
average are produced further away than the positrons. In
ticular, the antiprotons produced close to the galactic ce
make a significant contribution to the flux at Earth. In the
denser environments, a clumpy distribution enhances the
nal less than in our local environment, and hence the dif
ent scalings of the positron and antiproton fluxes~see Ref.
@28# for more details!.

We take the constraint from the combined 1995 and 19
data of the BESS Collaboration@34#. Note that we use the
BESS data rather than the HEAT 2000 antiproton data~the
new instrument measures both positrons and antiprotons! for
the following reason: the observed antiproton flux rises w
momentum to a maximum value and then falls. The spectr
from neutralinos, on the other hand, is flat with momentu
and then cuts off before it reaches the observed peak. He
the strongest constraint on neutralinos comes from lower
ergy measurements. BESS goes to much lower energy
HEAT 2000 and thus places a stronger constraint. The BE
Collaboration measured the cosmic ray antiproton flux at l
energies to be

F p̄~T5400–560 MeV!

51.2720.32
10.3731026 ~cm2 s sr GeV!21. ~4!

Using the central value as the maximum allowed annihilat
flux, and takingk51, we find no models with a boost facto
Bs,100, although there are a handful of models withBs
,300, including several with a significant value ofam . Tak-
ing k50.2, we find the constraint much less punishing, a
given the uncertainties, we choose this value instead.

B. Two successful models

In Fig. 1 we plot the positron data from the HEAT 9
195 and HEAT 2000 experiments, together with the ba
ground only fit, and two interesting SUSY models that ha
good fits as well as large contributions toam . The antiproton
constraints have been applied withk50.2. Note that we have
1-3
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FIG. 1. Positron fraction data and fits. We illustrate positron data from HEAT 94195 and HEAT 2000, a background only fit, and
SUSY1background fit from two interesting models from the MSSM database. Two additional curves separately display the SU
background components of the combined SUSY1background fit. These models are gaugino dominated and have contributions toam in line
with the experimental discrepancy. The model in the left panel has positrons primarily from hadronization, while the model in the rig
has hard positrons from direct gauge boson decays.
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found the boost factor to be only weakly dependent on tanb,
so that the values of tanb in the figure do not play any
important role~except that tanb is correlated with the SUSY
contribution toam). For other models see Fig. 7 of Ref.@7#.

The apparent sharp increase in the positron frac
around 7 GeV is not evident in any of our SUSY mode
even before the smoothing effects of energy loss on the s
trum. In principle, positrons from direct gauge boson dec
have a perfectly flat spectrum~before propagation! with cut-
offs at

E65
mx

2 S 16A12
m2

mx
2D , ~5!

wherem is the gauge boson mass. ForW6, a feature at 7
GeV would thus be obtained formx5238 GeV. However
there are also positrons from hadronizations at least from
hadronic gauge boson decays, and possibly from direct a
hilations to quark-antiquark pairs. The hadronic compon
is dominant at the lower cutoff~but not always at the uppe
cutoff!, which means that we cannot reproduce a sharp bu
at 7–8 GeV as indicated by the data, but rather a smoo
bump over a larger energy range as seen in Fig. 1.

A way to sharpen the neutralino annihilation positro
into a bump is to have them all come from a nearby clu
which is smaller than the propagation length. Then a l
signal would not be smeared out. This problem has not
been treated in depth. It requires a different solution of
diffusion equation and is the subject of future work.

IV. FAVORED REGION IN SUPERSYMMETRIC
PARAMETER SPACE

Having computed the positron flux and required enhan
ment factors to give a good fit to the positron data, we c
06351
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now study the supersymmetric parameter space and ide
the favored regions. The composition of the neutralin
namely if it is gaugino or Higgsino, is perhaps its most i
teresting property. As our indicator of composition, we u
the gaugino to Higgsino ratio

Zg

12Zg
5

uN11u21uN12u2

uN13u21uN14u2
. ~6!

In Fig. 2 we plot this ratio vs the neutralino mass separat
for models withBs,100 and 100,Bs,1000, goodx2, good
background normalization as discussed in the previous
tion, and also a relic density in the region favored by t
CMB, Vxh250.1460.05. For Bs,100, we find that the
models are gaugino dominated, although some have sig
cant Higgsino fractions. The masses of the models are in
range 150–400 GeV for the most part. For 100,Bs,1000,
the masses are as large as 2 TeV, and some very pure Hi
nos become allowed. For both cases there are a signifi
number of models that have a large contribution toam .

V. BOOST FACTOR

It is instructive to study the best fit boost factor as a fun
tion of the supersymmetric parameters of the models un
discussion. As in the previous sections, we will restrict o
selves to models that provide a good fit to the HEAT da
have a relic density in line with CMB data, and do not pr
duce an overabundance of antiprotons.

We first study the dependence of the relic density on
boost factor in these models. To do so we will of cour
neglect to apply the constraint on relic density, although
retain all other constraints. We will show two cases, fi
1-4
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FIG. 2. Neutralino composition vs mass for well-fitting models. ForBs,100 these are mixed and gauginos, mostly from 150–400 G
For 100,Bs,1000 the masses extend to 2 TeV, and very pure Higgsinos are also allowed. In both cases many of the mode
contribution toam in line with the measured discrepancy.
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assuming that the dark halo density is independent of
relic density, and second applying a rescaling. This resca
is applied for models whose relic density is less thanVxh2

50.09, the lower value in the CMB range, and is defined
follows. For low relic densities, neutralinos would make on
a fraction of the dark halos of galaxies, and in principle th
fraction should be proportional to the relic density,

rx,gal5S Vx

VCDM
D rCDM,gal. ~7!

Here, the subscript ‘‘gal’’ indicates that the density is th
inside the Galaxy and the subscript ‘‘CDM’’ refers to th
dominant matter component~cold dark matter!. As annihila-
tion depends on the square of the density, we rescale a
square of the fraction. The rescaling affects the best fit bo
factor and the antiproton flux as follows:

Bs→BsS Vxh2

0.09 D 22

, ~8!

F p̄
smooth→F p̄

smoothS Vxh2

0.09 D 2

. ~9!

In Fig. 3 we plot the boost factor versus the relic density
both cases, not rescaled and rescaled. Without resca
there is a clear trend thatBs increases linearly withVxh2.
This is expected because the relic density is inversely p
portional to the annihilation cross section, and so is the bo
factor. When taking the rescaling into account, we find t
the lowest boost factors are required for the models with
smallest relic density without rescaling, that is withVh2

50.09 according to our choice.
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We take two main points from Fig. 3. First, our preferre
region depends somewhat sensitively on the cuts we mak
the relic density. Enlarging our definition of the region
cosmological interest would have a significant effect on
number of allowed models in the database. Our conclusi
would however be broadly similar. Second, and more imp
tantly, we see the fundamental problem of explaining
positron excess with neutralino annihilation. Given the o
served value of the dark matter density, the expected ann
lation cross section is too small to explain the observed
cess of positrons without some boost due to clumping
some other mechanism~for example some models discuss
in Refs. @9,35#!. This point is independent of the specifi
model for the WIMP, and relies only on the fact that the re
density is due to a thermal freeze-out of a stable~or very
long-lived! species, and reasonable annihilation branch
fraction to hadrons.

Concerning the other supersymmetric parameters, we
that the boost factor is only weakly dependent on tanb and
m0, the sfermion mass scale. We see a rough trend that m
els with heavy neutralinos need larger boost factors, but
is simply related to the fact that the number density scale
the inverse of the mass and thus the annihilation rate sc
as the inverse square of the mass.

Since the constraint from the antiproton flux is so impo
tant, we now show how this quantity depends on the requ
boost factor. Of course we now neglect to apply the co
straint on antiproton flux, but we retain all other constrain
In Fig. 4 we plot the boost factor vs the antiproton flux in t
400–560 MeV bin for easy comparison with the BESS e
periment, shown as the hatched band. That small antipro
fluxes imply large boost factors is another statement of
fact that the antiproton and positron fluxes are significan
correlated. Furthermore, we see the advantage of allow
1-5
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FIG. 3. Boost factor versus relic density. In the first panel, no rescaling is done. The trend that small boost factor indicates sm
density is clearly seen. In the second panel, the rescaling is performed for models whose relic density is less thanVxh250.09, and it is clear
that the smallest boost factors come from the smallest relic densities that require no rescaling.
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k,1, as the bound on the antiproton flux is
1.2720.32

10.3731026 (cm2 s sr GeV)21. Even for k50.5, a sig-
nificant number of models becomes allowed, especially w
boost factorsBs,300.

Finally, we comment on the feasibility of the require
boost factors,Bs.30. It is well known that dark matter is
clumpy in a large range of length scales; such clumps

FIG. 4. Boost factor versus antiproton flux. The trend that m
els with small antiproton fluxes require large boost factors in
positron signal reiterates the statement that there is a signifi
correlation between the antiproton and positron fluxes. The hatc
band indicates the BESS measurement@34#.
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clusters, galaxies, dwarf galaxies, etc. On such large sc
the enhancement factor is in excess of 100 according
simulations of large scale structure@32#. The question for us
is whether such clumps persist at scales smaller than se
kiloparsecs, which is the size of the emission region for p
itrons detectable at the Earth. Unfortunately, there are re
no data at these distance scales, either observational or
simulations. Without evidence to the contrary, we must all
such enhancements to be possible.

In obtaining a boost factor, we have assumed that we
average over a volume containing many small clumps. If
halo is not smooth, but we can average over a large volu
~relative to the propagation length of positrons from seve
clumps!, then we can pull out an enhancement factor.
other words, we can use the results of theDARKSUSY code
for a smooth halo and just multiply the result by a boo
factor.

VI. OTHER DARK MATTER SEARCHES

In order to be convinced of an exotic interpretation
cosmic ray data, we would like confirmation by some oth
technique. In this section we discuss other dark matter se
techniques that might give us more confidence that the p
itron excess really is due to an exotic primary component
particular, we discuss direct detection of neutralinos by e
tic scattering, indirect detection by gamma ray lines, a
furthermore by neutrinos from capture and annihilations
the centers of the Earth and Sun.

A. Direct detection

Direct detection of galactic halo neutralinos is one of t
most promising techniques for detecting dark matter, a
there are several experimental collaborations undertak

-
e
nt
ed
1-6
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this program, e.g. DAMA@36#, CDMS @37#, CRESST@38#,
EDELWEISS @39#, Cryoarray @40#, GENIUS @41#, IGEX
~CanFranc! @42#, HDMS @43#, MIBETA, ROSEBUD @44#,
LiF/TOKYO @45#, UKDMC @46#, SACLAY, ELEGANT V
@47#, and Baksan. In the next ten years it is expected
neutralinos with elastic scattering cross sections on nucle
as low as 1029 pb or perhaps even lower can be prob
@40,41#. The rates in detectors depend only on the local h
density at present, so they will not put any severe constra
on the clumpiness of the halo as a whole. These rates ca
course be enhanced if we happen to be inside a clum
present@48#.

Direct detection is especially exciting in light of the me
surement of a possible discrepancy in the anomalous m
netic moment of the muon@23#. Models with large contribu-
tions to am tend to also have large elastic scattering cr
sections@24#, and we find that many of the models that c
explain the positron excess with boost factorsBs,1000 also
have large contributions toam . We plot the scattering cros
section in Fig. 5.

B. Neutrinos from the Earth and Sun

Another possible method to detect neutralino dark ma
is neutrino telescopes, such as at Lake Baikal@49#, Super-
Kamiokande @50#, in the Mediterranean@51#, and at the
South Pole@52#. Neutralinos in the galactic halo underg
scatterings into bound orbits around the Earth and Sun,
subsequently sink to the centers of these bodies, poss
giving a detectable annihilation signal in neutrinos at G
and higher energies@53#. The detectability of this signal is
strongly correlated with the neutralino-nucleon cross sect
As discussed in Ref.@28#, the signal is not likely to be sen

FIG. 5. Neutralino-nucleon elastic scattering cross section.
only show models passing the goodness of fit cuts and requirBs

,1000. The current CDMS exclusion@37# ~solid line! is plotted
along with the expected reach of the CDMS, CRESST@38# ~dotted
line! and GENIUS@41# ~dashed line! experiments.
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sitive to the clumpiness in the halo. This statement assu
that equilibration time between capture and annihilation
relatively long and that, averaging over the lifetime of t
Galaxy, the average local density is neither overdense
underdense.

C. Gamma rays

Gamma rays from annihilations, both a continuum co
ponent@54# and a monochromatic component@55#, may pro-
vide another handle on neutralinos in the galactic ha
Experiments such as the GLAST satellite@56# and Atmo-
spheric Čerenkov Telescopes~ACTs!, such as VERITAS
@57#, STACEE @58#, CANGAROO-III @59#, and MAGIC
@60#, may have the necessary sensitivity to detect annih
tion photons in our galaxy above the background@61#.

To minimize the impact of the halo model and of expe
mental uncertainties, we concentrate on the flux at high l
tudes,b.60° and 0°, l ,360° (DV50.84 sr), although
we also consider the flux toward the galactic center. A mo
fied isothermal profile gives

J~90°!50.93~111.8Bs!, ~10!

where the gamma ray flux is given by

Fg51.878310213 ~cm2 s sr!21

3
Ng^sv&

10229 cm3 s21 S mx

100 GeVD
22

J. ~11!

There is only a very weak halo model dependence in
result forJ at high galactic latitude@28#. We might exclude
models which have too high a gamma ray flux as compa
with the measured value at high latitude@61#,

Fg~E.1 GeV!5~1.060.2!31026 ~cm2 s sr!21,
~12!

although with boost factorsBs,100 the antiprotons are al
ways more powerful@28#. However, boosting the signal o
the gamma ray lines may allow their detection, which wou
be a clear confirmation of the neutralino halo.

The sensitivities of gamma-ray detectors to the gam
ray lines can be computed following Ref.@16#. First the ex-
posure is determined as a function of energy, as the ACT
particular have an effective collection area that depends
energy. For the ACTs we consider, these are of order 108 cm2

near threshold and rising to 109 and more at TeV energies
ACT integration times of 500 h are assumed, while a 2 year
GLAST integration is assumed. The GLAST exposure
taken to be a constant 1800 cm2 sr, which simply multiplies
the 2 yr integration, the fraction of time pointing toward
target already accounted for. The angular field of view for
ACTs is taken to be 0.01 sr, a circle 3.5° in radius. Based
these exposures, the number of background events is d
mined from the extragalactic gamma ray background, a
additionally for ACTs, the backgrounds of cosmic ray ele
trons and misidentified hadrons. In fact the photon ba
ground is unimportant for ACTs:

e
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Fhad51.031022S E

GeVD 22.7

~cm2 s sr GeV!21, ~13!

Fe256.931022S E

GeVD 23.3

~cm2 s sr GeV!21,

~14!

Fg56.031025S E

GeVD 22.7

~cm2 s sr GeV!21.

~15!

We note that the background flux for a gamma ray line a
specific energy need only be integrated over the energy r
lutions of the experiments, taken to be fractionally 0.15
ACTs and 0.015 for GLAST.

The signal is obtained from Eq.~11!, taking care to prop-
erly averageJ over the field of view. For high galactic lati
tudes and for ACTs toward the galactic center this is a mi
consideration asJ changes little over the field of view, al
though for GLAST we find that at the galactic center t
averaged value is about ten times smaller than the ce
value. We require a 5s excess above background to claim
detection.

In Fig. 6 we plot the flux from the gamma ray lines
high latitude for models withBs,1000, appropriately
boosted byBs . We include the expected sensitivity of th
VERITAS @57# and MAGIC @60# ACTs as well as the
GLAST @56# satellite. Furthermore, we include a predictio
appropriate to the galactic center, assuming an isother

FIG. 6. Gamma ray line flux. We include the expected sensi
ity ~solid lines! of the VERITAS @57#, MAGIC @60# and GLAST
@56# experiments. The left axis is the flux from high galactic latitu
~dotted sensitivity curves!, and the right axis is the flux from the
galactic center for an isothermal halo with a 1 kpc core~solid sen-
sitivity curves!. We show only models passing the goodness of
cuts and requireBs,1000.
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halo with a 1 kpc core, which has a signal roughly 10
times larger,J;1600Bs ~this value is decreased by a fact
of 10 when averaged over the GLAST field of view!. At high
latitude, a more sensitive experiment is probably requir
although toward the galactic center, many models would g
detectable fluxes in the gamma ray lines.

VII. CONCLUSIONS

The cosmic ray positron excess is intriguing, as there
no simple astrophysical model that can explain it. We are
to consider a primary component, such as from neutra
annihilations. We summarize here our conclusions conce
ing this scenario.

First, the observed value of the dark matter density i
plies ~assuming thermal production! an annihilation cross
section that is too small to reproduce the positron exc
without some form of enhancement. This is a general st
ment, not tied to a specific model. We thus resort to enha
ing the signal; fortunately such an enhancement is natura
the dark halo is expected to be clumpy. This leads to a s
ond difficulty, namely that one cannot enhance the posit
signal without enhancing other signals, especially antip
tons which would also be produced by annihilation. Hen
antiprotons provide a further constraint on this scenario.
deed lowering the antiproton flux is a further, albeit sma
price to pay in the neutralino annihilation scenario.~Note
that antiprotons come from much farther away than the p
itrons, so their fluxes are not always directly correlated.! In
addition, in order to obtain a positron spectrum that matc
all the data, we had to adjust the normalization of the ba
ground ~another price we had to pay!. We had to choose a
positron background a factor of 2 lower than the standard
to the positron data with background alone. The reason
this lowered background normalization is that one can
overshoot the data at energies 1–3 GeV. In reality the ba
ground is not terribly well understood, and although it cann
by itself explain the upturn in the data at 10 GeV, one wo
ders if perhaps the boost factor might not be plausibly low
than the values we have found. However, we find this po
bility unlikely. We should mention here that the propagati
uncertainties make the change in background normalizat
and relative boosts between antiprotons and positrons~the
k50.2 vsk51 issue! more plausible, and we do not believ
these to be serious concerns with our analysis.

Second, assuming that the boost factor is between 30
100, we find gaugino-dominated SUSY models that sati
all constraints, have neutralino masses in the 150–400 G
range, and have a large contribution to the anomalous m
magnetic momentam . Allowing boost factors as large a
1000 extends the mass range to 2 TeV, and furthermore
lows Higgsino-dominated neutralinos. Such boost factors
certainly plausible, and with no evidence to the contrary,
must take this possibility seriously.

Confirmation of the annihilation hypothesis could com
from several approaches. The direct detection of halo n
tralinos would certainly be a powerful indicator, as wou

-
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neutrinos from the center of the Earth and Sun. Antiproto
and gamma rays could help study the clumpiness of the
lactic halo, helping to determine if it is in fact as large as
the scenario we have presented. In particular, boosting
intensity of gamma ray lines may allow their detectio
which would be a clear confirmation of a neutralino ha
The next several years will be an exciting time for partic
dark matter searches.
ys
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@12# J. Edsjö, Ph.D. thesis, Uppsala University, hep-ph/97043

1997.
@13# G. Jungman, M. Kamionkowski, and K. Griest, Phys. Re

267, 195 ~1996!.
@14# D.N. Schramm and M.S. Turner, Rev. Mod. Phys.70, 303

~1998!.
@15# X. Wang, M. Tegmark, and M. Zaldarriaga, astro-ph/01050
@16# L. Bergström, P. Ullio, and J.H. Buckley, Astropart. Phys.9,

137 ~1998!.
@17# L. Bergström, J. Edsjo¨, and P. Gondolo, Phys. Rev. D58,

103519~1998!.
@18# L. Bergström, J. Edsjo¨, and P. Ullio, Astrophys. J.526, 215

~1999!.
@19# V. Mandic, E. A. Baltz, and P. Gondolo~in preparation!.
@20# M. Drees, M.M. Nojiri, D.P. Roy, and Y. Yamada, Phys. Rev.

56, 276 ~1997!; D. Pierce and A. Papadopoulos,ibid. 50, 565
~1994!; Nucl. Phys.B430, 278~1994!; A.B. Lahanas, K. Tam-
vakis, and N.D. Tracas, Phys. Lett. B324, 387 ~1994!.

@21# S. Heinemeyer, W. Hollik, and G. Weiglein, Comput. Phy
Commun.124, 76 ~2000!.

@22# P. Gondolo and G. Gelmini, Nucl. Phys.B360, 145 ~1991!.
@23# H.N. Brown et al., Phys. Rev. Lett.86, 2227~2001!.
@24# M. Drees, Y.G. Kim, T. Kobayashi, and M.M. Nojiri, Phys
.

,

.

.

.

Rev. D 63, 115009~2001!; E.A. Baltz and P. Gondolo, Phys
Rev. Lett.86, 5004~2001!; R. Arnowitt, B. Dutta, B. Hu, and
Y. Santoso, Phys. Lett. B505, 177 ~2001!.

@25# Particle Data Group, D.E. Groomet al., Eur. Phys. J. C15, 1
~2000!.

@26# CLEO Collaboration, M.S. Alamet al., Phys. Rev. Lett.71,
674 ~1993!; 74, 2885~1995!.

@27# P. Gondolo, J. Edsjo¨, L. Bergström, P. Ullio, and E.A. Baltz,
astro-ph/0012234.

@28# L. Bergström, J. Edsjo¨, P. Gondolo, and P. Ullio, Phys. Rev. D
59, 043506~1999!.

@29# I.V. Moskalenko and A.W. Strong, Astrophys. J.493, 694
~1998!.

@30# I.V. Moskalenko, A.W. Strong, J.F. Ormes, and M.S. Potgiet
Astrophys. J.~to be published!, astro-ph/0106567.

@31# J. Silk and A.S. Szalay, Astrophys. J. Lett.323, L107 ~1987!; J.
Silk and A. Stebbins, Astrophys. J.411, 439~1993!; E.W. Kolb
and I.I. Tkachev, Phys. Rev. D50, 769 ~1994!.

@32# S. Ghignaet al., Mon. Not. R. Astron. Soc.300, 146 ~1998!;
B. Moore et al., ibid. 310, 1147~1999!; A. Klypin et al., As-
trophys. J.522, 82 ~1999!.

@33# See, e.g., P. Chardonnet, G. Mignola, P. Salati, and R. Tai
Phys. Lett. B 384, 161 ~1996!; A. Bottino, F. Donato, N.
Fornengo, and P. Salati, Phys. Rev. D58, 123503~1998!; see,
also Ref.@13# and references therein.

@34# S. Oritoet al., Phys. Rev. Lett.84, 1078~2000!.
@35# R. Jeannerot, X. Zhang, and R. Brandenberger, J. High En

Phys.12, 003 ~1999!; T. Gherghetta, G.F. Giudice, and J.D
Wells, Nucl. Phys.B559, 27 ~1999!; T. Moroi and L. Randall,
ibid. B570, 455~2000!; W.B. Lin, D.H. Huang, X. Zhang, and
R. Brandenberger, Phys. Rev. Lett.86, 954 ~2001!; G.F. Giu-
dice, E.W. Kolb, and A. Riotto, Phys. Rev. D64, 023508
~2001!.

@36# R. Bernabeiet al., Phys. Lett. B480, 23 ~2000!.
@37# R. Abusaidiet al., Phys. Rev. Lett.84, 5699~2000!.
@38# M. Bravin et al., Astropart. Phys.12, 107 ~1999!; M. Altmann

et al., astro-ph/0106314.
@39# EDELWEISS Collaboration, A. Benoitet al., Phys. Lett. B

513, 15 ~2001!.
@40# R.J. Gaitskell, astro-ph/0106200.
@41# H.V. Klapdor-Kleingrothaus, inBeyond the Desert 1997,

Castle Ringberg, Germany, edited by H.V. Klapdo
Kleingrothaus and H. Paes~IOP, Bristol, 1998!, p. 485; in
Beyond the Desert 1999, Castle Ringberg, Germany, edited b
H.V. Klapdor-Kleingrothaus and I. Krivosheina~IOP, Bristol,
2000!, p. 915.
1-9



la
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