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Cosmic-Ray Positrons from Annihilation of Weakly Interacting Massive particles in the Galaxy
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The production of cosmic-ray positrons from the annihilation of weakly interacting massive particles
(WIMP s) is considered. Conventional supersymmetric-neutralino annihilation generally yields an

unobservably small e+ flux. However, a massive WIMP ()20 GeV) with a large annihilation cross sec-
tion into a single e+e pair produces a distinctive and observable shelf in the cosmic-ray e+ spectrum.
Only Dirac neutrinos obviously generate such a feature, but it may also appear in more elaborate neu-
tralino models. Such models are constrained by upper limits on the low-energy antiproton Aux.

PACS numbers: 98.60.Ce, 14.80.Ly, 98.80.Cq

One of the most important questions in astrophysics is

the nature of the dark matter which apparently
comprises galactic halos and may account for more than
90% of the mass of the Universe. ' Several lines of argu-
ment suggest that this dark matter is not baryonic and
may therefore be in the form of exotic particle species
surviving from the early Universe. Particle theory has
provided many dark-matter candidates, among which are
weakly interacting massive particles (WIMP's, hereafter
referred to as g particles). A particularly interesting
class of WIMP's consists of the supersymmetric neutrali-
nos, which may be photinos (y), Higgsinos (h), or
mixed states containing these. For a broad range of su-
persymmetry parameters, a cosmologically significant
number of g particles should exist today. These g parti-
cles would have been incorporated into galactic halos,
where they occasionally annihilate. The final states thus
produced are quark-antiquark pairs, which then frag-
ment into jets of hadrons, and lepton-antilepton pairs.
Protons and antiprotons, y rays, electrons and positrons,
and various neutrinos and antineutrinos remain after the
decay of unstable particles. The cosmic P, y; e+, and v

spectra may thus contain signatures of gg annihilation.
Silk and Srednicki first suggested that photino an-

nihilation could roughly account for the reported cos-
mic-ray positron excess below 1 GeV, but the annihila-
tion rate they used has been ruled out by accelerator lim-
its on the squark mass. A more thorough study of e+
production, including analytic estimates of the e+ spec-
trum, was made by Rudaz and Stecker. By taking a gg
annihilation rate large enough to account for a reported
excess of low-energy antiprotons, they found that 15-
GeV Higgsinos might give an e+ flux comparable to that
produced by cosmic-ray interactions in the interstellar
medium. More recent measurements' "have observed
no antiproton excess, and a new analysis' of p produc-
tion in gg annihilation implies a virtually undetectable
e+ flux from neutralino annihilation.

We present here a study of cosmic-ray e+ production
from gg annihilation in the galaxy. We show that neu-
tralino annihilation generally yields no more than a few

percent of e+ flux from cosmic-ray (CR) interactions.
The one exception to this general conclusion comes from
a massive WIMP (M~~20 GeV) with a large cross sec-
tion for producing a single e+e pair. These annihila-
tions would yield a sharp break' in the CR e+ spectrum
at energy equal to M». Only massive Dirac neutrinos
(vD) obviously generate such a feature. Unlike neutrali-
nos, there is no strong theoretical motivation for such
particles. In fact, there is significant experimental evi-
dence against them as a major component of the galactic
dark matter. ' ' Nevertheless, this feature is worth not-
ing because (1) it may appear in more elaborate neu-
tralino models and thus provide a distinctive signature of
gg annihilation and, (2) it offers a possible explanation
for the reported rise' ' in the e+ fraction above 10
GeV.

In the so-called "leaky-box" approximation, the prop-
agation of CR positrons is described by the equation

[n(E)b(E)1 =q(E),

where n(E) is the differential positron density, z(E) is
the energy-dependent containment time in the propaga-
tion volume, b(E) = —dE ddt )0 is the energy-de-
pendent rate of energy loss, and q(E) is the e+ source
function. This homogeneous approximation neglects po-
sition dependence and thus requires values averaged over
the propagation volume.

The solution of Eq. (1) is given by

q(E') PE dx
Jg b(E) P —J~ ( )b( )

The e+ flux is j (E) =cn(E)/4' We now discuss. esti-
mates for z(E) and b(E).

Propagation studies of CR nuclei indicate an energy-
dependent containment time, ' while studies of high-
energy electrons favor no energy dependence. For sim-
plicity, we adopt z(E) =zo, a constant. Our conclusions
are not sensitive to this assumption. The value of zo

r8&10 yr may be estimated from studies of CR nu-
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clei, in particular the abundance of the radioactive nu-
clide ' Be. If cosmic rays are effectively confined to the
galactic disk, these results imply ~8 —0.1. On the other
hand, if cosmic rays diffuse through a halo of radius
—10 kpc, rs-1. Studies of cosmic-ray electrons and
stable secondary nuclei also suggest 0.1 & rs & 1.

The energy loss of relativistic electrons may be writ-
ten"

b(E) [2.7nH+7. 3nHE+(U„d+U, s)E ]

x10 ' GeV/s, (3)

where nH is the hydrogen density in atoms/cm, E is the
electron energy in GeV, U„d is the ambient photon ener-

gy density, and U,s is the magnetic field energy density,
both in eV/cm . In this equation, the four terms repre-
sent, respectively, ionization, bremsstrahlung, inverse
Compton scattering, and synchrotron radiation. Ioniza-
tion is the dominant mechanism only at E & O. l GeV, so
we ignore its logarithinic energy dependence and take its
value at E 0.05 GeV.

For propagation essentially confined to the galactic
disk, typical values ' in Eq. (3) are n H =0.3
atoms/cm, U,s 0.2-0.9 eV/cm, and U„d=0.8-1.3
eV/cm . For propagation in the galactic halo, much
smaller values, such as n H =0.01 atoms/cm,
U,s-0.05 eV/cm, and U„d 0.25 eV/cm (from the
2.7-K microwave background) are appropriate. In this
calculation, we are dealing with positrons which are born
in the halo and presumably spend a significant amount of
time there before reaching us here in the disk. We
therefore adopt intermediate values, namely nH=0. 1

atoins/cm, U, s 0.2 eV/cm (corresponding to a mean
perpendicular magnetic field strength of about 3 pG),
and U„d 0.4 eV/cm (allowing for some visible and in-
frared radiation as well as the microwave background).

The positron source function due to gg annihilation at
r may be written

10' 1
0-27

10 =10 28

photinos with mass between that of the bottom and top
quarks. Similarly, for Higgsinos, ' &ov&26-( Z(Mi, ),
where (2~ 1 is an unknown Higgs symmetry-breaking
factor, Mp, is the Higgsino mass, and Z(Mi, ) is the fa-
miliar Zp propagator enhancement. For massive Dirac
neutrinos, &harv&26 0.19(M„/1 GeV) Z(M„), where M„
is the neutrino mass.

To calculate S,(E), we have used the Lund Monte
Carlo program, which has been employed in other re-
cent studies' of gg annihilation. For qq final states,
the Lund program uses a QCD-based color string model
to produce hadrons. Unstable particles decay according
to known branching ratios. We have run the Lund pro-
gram for g y, h, vD over a range of masses and fitted
high-statistics e+ spectra by simple functional forms. '

The e+ source functions for the annihilation of 10-GeV
y's, 20-GeV h's, and 30-GeV vD's (with &ov&26 as dis-
cussed below) are shown in Fig. l.

The Lund program gives the e+ continuum from the
decay of heavier particles. In general, gg can also direct-
ly annihilate into a single e+e pair, which would ap-
pear in the e+ source spectrum as a 8 function at
E M». After propagation, this produces a rising shelf
with a sharp break at M» in the CR e+ spectrum. For
neutralinos, the branching ratio 8 for gg e+e is gen-
erally about 10, and this shelf is unobservable. For
Dirac neutrinos 8(vD vD e e ) -3%, and this shelf
becomes a striking feature of the e+ spectrum.

We also show in Fig. 1 the interstellar e+ fluxes after

q, (E,r) [p»(r)/M»] &ov„l&S,(E), (4)
1
p-29

D

where p»(r) is the mass density of g particles at r, &ov„,l&
is the present-day thermally averaged gg annihilation
cross section, and S,(E) is the differential positron spec-
trum per annihilation. For Dirac neutrinos, q, (E,r) is
reduced by an additional factor of 4, since particles and
antiparticles are distinct. The leaky-box model requires
that q, (E,r) be averaged over the propagation volume,
which we take to be a sphere of 10-kpc radius. We use
pd„k(r) pp[1+(r/a) ] ' with a=8 kpc and pp=0. 5
GeV/cm (with an uncertainty in pp of about a factor of
2). This gives a root-mean-square value (pd, „k)
-0.56pp-0. 3 GeV/cm, which we put in place of p»(r)
in Eq. (4).

We adopt standard estimates for the annihilation cross
section &ov„l& &av&26x10 cm /s. In particular, in
the simplest models ' in which all scalar partners have a
common mass Msp, &crv&26 0.2[Msp/(80 GeV)] for

=10"
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FIG. 1. The e+ continuum source function from gg annihi-

lation before propagation (dashed curves and right-hand scale)
and the interstellar e+ flux after propagation (solid curves and
left-hand scale), calculated with rs 0.3 and other parameters
as given in the text. The e+ flux from CR interactions (Ref.
26) in the interstellar medium is also shown.
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FIG. 2. The e+ fraction from the annihilation of 30-GeV
Dirac neutrinos for three values of zs (solid curves). The
short-dashed line shows the rs 0.3 curve without the e+ 8-
function contribution. The long-dashed line shows the contri-
bution from e+ production in CR interactions (Ref. 26). The
data points are from the following: Ref. 17 (open diamond);
Ref. 18 (open triangles); Ref. 19 (solid diamonds); Ref. 33
(solid triangle); Ref. 34 (open circles); Ref. 35 (half-filled dia-
monds).
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propagation and the calculated e+ flux from CR interac-
tions. s (The observed e+ flux is somewhat higher. ) For
yy annihilation, we used (av)2q =0.2, consistent with re-
cent experimental limits on Msp. For hh annihilation,
we used the "generic" cross section, with ( =1 and
(crv)2q 1.6. Since a larger annihilation rate in the early
Universe leaves a smaller remnant cosmological density,
generally Q~h -(ov) '. These (ov)26 values corre-
spond to present-day cosmological densities3' Q„h52o =1
and 0.2 for the y and h, respectively. The y and h curves
in Fig. 1 are thus close to upper limits on the e+ Aux

from neutralino annihilation if the g particles make a
significant contribution to the cosmological dark matter.
Since these fluxes are —1% or less of the e+ flux from
CR interactions, we see that gg annihilation will general-
ly yield an unobservable e+ flux for Qzhqo greater than a
few percent. Conversely, the vDvD annihilation yields a
substantial e+ flux because (crv)2q =500 at M, =30
GeV, corresponding to A,h 50 —0.1.

To compare directly to data, we convert our e + spec-
tra to an energy-dependent positron fraction, e+/(e
+e+), as observed at Earth. For the denominator, we
use the observed interstellar e +e + spectrum. We
add together the e+ fractions from gg annihilation and
CR interactions, and we account for solar modulation
with the force field approximation.

Figure 2 shows our results for 30-GeV Dirac neutrinos
with three diff'erent values of ~8, along with the available
data at E &0.4 GeV. (At lower energies the calcula-

tions are sensitive to the details of the propagation and
solar modulation. ) The positron shelf from vD vD~ e+e is clearly evident in the calculations. The
height of this feature at E =M„varies inversely with
b(M„) but is independent of zs. Reasonable values of zs
can describe the rising e+ fraction above 5 GeV, which
is indicated by some experiments' ' and unaccounted
for by standard models of e+ production by CR interac-
tions.

Although this e+ signature of gg annihilation is cer-
tainly intriguing, several comments are in order. First,
the currently available data have large error bars, and
better measurements, such as those proposed for the
Space Station's Astromag facility, are needed. Second,
there are less exotic explanations of the rising e+ frac-
tion. Mueller and Tang' have noted that the e+ frac-
tion begins to rise at the same energy where the overall
e +e+ spectrum starts to steepen relative to CR pro-
tons. They suggest that the CR e spectrum is actually
steepening (perhaps due to synchrotron losses in the
strong magnetic fields at the acceleration sites) while the
e+ spectrum continues to follow the same slope as the
protons whose interactions produce them. Thus, the ris-
ing e+ fraction may reAect a deficit of electrons, not an
excess of positrons. In this scenario, the e+ fraction
should rise to a plateau value of 0.5, independent of en-

ergy. The Astromag experiments will measure the CR
e+ spectrum up to 500 GeV and thus distinguish be-
tween this explanation and the gg annihilation scenario.

Of the g candidates considered here, only massive
Dirac neutrinos have a sufficiently large cross section for
gg e+e (—10 cm /s) to give the high-energy e+
feature. Several experiments ' ' suggest that massive
Dirac neutrinos cannot be a major component of the lo-
cal dark matter. The most stringent limits' indicate
that a 30-GeV Dirac neutrino cannot contribute more
than —10% of the local value of pd„k. Thus, it seems
highly unlikely that Dirac neutrinos per se can be used to
generate a large high-energy e+ Aux. Neutralinos have
too small a branching ratio into gg e+e, at least in

the simplest supersymmetric models considered here.
However, it may be possible to enhance B(gg~ e+e )
in more complicated models with carefully chosen pa-
rameters.

Any scenario for enhancing B(gg~ e+e ) faces oth-
er difficulties. Since B(gg~ e+e ) larger than about
10% seems highly contrived, the total annihilation cross
section in such models must be on the order of 10
cm /s. Such a large annihilation cross section means
that the present-day cosmological density of these parti-
cles must be less than —1% of the critical density. Such
particles may exist; but since the dark matter in galactic
halos and groups of galaxies yields Q =0.02-0.2, they
do not solve the dark-matter problem.

Finally, there is an observational constraint on such
models. In general, such a large partial cross section
into e+e pairs implies a comparable cross section for
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qq pairs (unless the model is very carefully engineered).
These quarks will produce cosmic-ray antiprotons.
Without details of such a model (viz. , the branching ra-
tios into various final states) one cannot calculate a pre-
cise p spectrum. However, one can guess that it might
not be too diA'erent from that for Dirac neutrinos. Fol-
lowing the methods of Ref. 12, we have calculated the p
spectrum for 30-GeV Dirac neutrinos. Taking a P con-
tainment time of only 10 yr and using the gg annihila-
tion rate suggested by the rising e+ fraction, we estimate
that the observed P/p ratio at a few hundred MeV would
be about 5X10 . This exceeds the current experimen-
tal upper limit' of 3.5x10
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