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Electrons and g rays from near-solar supersymmetric dark matter annihilations
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The electron andg-ray energy spectrum created from the annihilation of supersymmetric dark matter near
the Sun is computed. Their predicted fluxes and the potential modification of the electron spectrum by solar
magnetic fields are compared with previous astrophysical measurements and with future measurements by the
Milagro and GLAST experiments.@S0556-2821~99!03112-4#

PACS number~s!: 95.35.1d, 11.30.Pb, 95.85.Pw
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I. INTRODUCTION

A candidate for dark matter is the lightest supersymme
particle @1#, possibly the neutralinox̃0. The absence of su
persymmetry at electron positron colliders sets lower lim
on the supersymmetric mass of 80 GeV@2#, the convergence
of coupling constants sets an upper limit of 10 TeV@3#, and
the presence of supersymmetric matter in the early univ
sets an upper limit of about 7 TeV@4#. Two neutralinos can
annihilate into various particles. Previous studies have
plored possible neutralino signals such as increased rat
positrons versus electrons from galactic annihilations@5,6#,
neutrinos from inner-solar annihilations@7#, g rays from
highly galactic centered annihilations@8#, and g rays from
near-solar annihilations@9#.

Dark matter neutralinos in the galaxy incident on the S
can elastically scatter inside the Sun and become trappe
the solar gravitational well@10#. During numerous subse
quent passages of neutralinos through the Sun, yet be
becoming trapped inside the Sun, a small fraction of
neutralinos will annihilate outside the Sun where their an
hilation products can escape. A calculation that followed
shrinking orbits predicted that the near-solar annihilation r
equaled 231020, 231018, and 431015 s21 for neutralino
masses of 0.35, 1.0, and 3.5 TeV, respectively, and that
radial annihilation distribution inside spherical shells
width dr outside the Sun a distancer from the Sun center
equaled aboutdN/dr5r 23 @9#. Most of the annihilation was
found to occur within less than a solar radii of the so
surface, and the annihilation near stars was found to do
nate the annihilation between stars. Uncertainties in lo
galactic dark matter density, the supersymmetric masses
the neutralino composition limit the precision of the pred
tions.

II. PRODUCED SPECTRA

The lightest neutralino consists of an unknown mixtu
of the supersymmetric partners of the two neutral elec
weak gauge bosonsB andW3 and two neutral Higgs boson
h0. This analysis uses a pure Higgsino neutralino. The
dominant annihilation modes of two Higgsino neutralin
are to Z0Z0 or W1W2 @11#. The initial produced particle
energy spectrum generated from annihilation intoZ0Z0 and
W1W2 is simulated by the Monte Carlo particle genera
JETSET7.4 @12#, and the subsequent decay of produced p
0556-2821/99/59~12!/123514~4!/$15.00 59 1235
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ticles into final electrons, positrons, andg rays is simulated
by the event generatorGEANT 3.15 @13#. While the lower en-
ergy electrons are produced from the indirect decays of p
duced hadrons and muons, the highest energy electrons
positrons are produced predominantly from the leptonic
cays ofZ0→e1e2 andW6→e6n with branching fractions
of 3% and 11%, respectively. The electron and posit
spectra from bothZ0Z0 and W1W2 decays resemble eac
other except for an increased high energy electron and p
tron fluxes from theW1W2 decays. The sum of the match
ing electron energy spectrum and positron energy spectr
averaged over theZ0Z0 and W1W2 modes assuming neu
tralino and chargino mass equality, will be used for th
analysis for three neutralino masses, and is shown in Fig
The g-ray spectrum is produced primarily from the decay
neutral pions, and lacking the production from the direct d
cay of Z0 and W6, the g-ray flux falls below the electron
flux at the higher energies as seen in Fig. 1.

The electron spectrum can be modified by solar magn
fields. Solar magnetic fields are complex, time-varying, a
not well-measured. Kilogauss fields can be found in so
flares, and 100 G fields can be found near the photosphe
both closed loops and open lines@14#. To demonstrate the
effect of solar magnetic fields on the electron spectrum,
solar magnetic fields are modeled by a simple dipole fi
with strength of 0.3 G at the solar equator, even though s
a dipole field poorly represents the solar magnetic fiel

FIG. 1. The electron plus positron energy spectra from the
cays ofZ0 andW6 produced from the annihilation of 0.35, 1.0, an
3.5 TeV neutralinos are shown with solid lines. Theg-ray energy
spectra from the decays ofZ0 andW6 produced from the annihila-
tion of the same energy neutralinos are shown with dashed lin
©1999 The American Physical Society14-1
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Electrons were created with random angles, random ener
weighted by theJETSET, GEANTsimulation, and random radi
weighted by the radial annihilation distribution. While mo
electrons with energies above several TeV escape the
magnetic fields, lower energy electrons travel helixially
the magnetic fields where they can be redirected toward
poles, strike the solar surface, or be trapped. The elec
spectrum of escapees within 10° of the dipole field equa
corrected for solid angle, is shown in Fig. 2. In addition
modifying the escaping electron spectrum, solar flares
produce electrons andg rays with energies below and be
yond 1 GeV @15#. Solar flares produce particles followin
steep spectra such asdN/dE5E23.6 with time-varying
fluxes @16#, while the neutralino annihilations produce pa
ticles from hadronic decays following a flatter spectru
dN/dE5E21.2. Experimental measurements must consi
that the observed near-solar electron signal and the s
influenced background will vary in spatial size. The pred
tions will employ the electron spectrum unmodified by t
solar magnetic fields. The predictions will account for t
20% loss of particles absorbed by the solar backside if
particles traveled straight.

III. OBSERVED SPECTRA

The astrophysical electron energy spectrum has b
measured at energies up to 120 GeV by a balloon-borne
perconducting magnetic spectrometer@17#, to 200 GeV by a
balloon-borne Cˇ erenkov detector@18#, and to 2 TeV by
balloon-borne emulsion detectors@19#. The measured elec
tron spectra shown in Fig. 3 are actually electron plus po
tron spectra since emulsion detectors and Cˇ erenkov detectors
do not distinguish the sign of the electric charge. The m
sured electron spectra assumed a flux uniform throughou
sky although uniformity of the electron spectrum througho
the sky has not been verified, and nor has been the un
mity over periods of time and throughout the galaxy. T
dominant source of galactic electrons is thought to be su
nova shock acceleration, after which the electrons experie

FIG. 2. The electron plus positron energy spectra from the
cays of bothZ0 and W6 produced from the annihilation of 0.35
1.0, and 3.5 TeV neutralinos are shown with solid lines. The spe
subsequently modified by the effects of the simple dipole mode
the solar magnetic fields are shown with dotted lines.
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partially entrapment in the galaxy and attenuation by int
stellar magnetic fields@20#. The galactic electron energ
spectrum has been predicted by various authors@19,21,22#,
one of which~@21#! is shown in Fig. 3. The measured astr
physical electron energy spectrum at energies above
GeV rises above the flux expected from the predicted ga
tic electron energy spectrum. The excess of measured
over predicted flux has been attributed to the contribution
electrons from recent nearby sources which would have
fered less attenuation at higher energies@21,22#. The mea-
sured astrophysical electron spectrum shows no signific
evidence for a near-solar-neutralino-produced electron s
trum component below 1 TeV, while above 1 TeV the pr
dictions of the galactic electron spectrum are uncertain
to the parameter dependence of the modeling galactic pr
gation. Separating a contribution of electrons from ne
stellar neutralino annihilation from a contribution of ele
trons from recent, nearby supernovas, especially conside
the parameter dependence of modeling galactic propaga
would be difficult. Using the near-solar annihilation rate
and the produced electron spectra, the neutralino all-s
averaged electron spectra are predicted to be^ f e6&51
310212, 4310215, and 3310218 GeV21 cm22 s21 sr21 at
energies just below the neutralino masses of 0.35, 1.0,
3.5 TeV, respectively, which all fall well below the mea
sured electron spectrum. A greatly enhanced flux of d
matter from the galactic plane to the Sun or an enhan
ratio of that dark matter annihilating outside the Sun wou
be needed to produce a significant signal in the measu
all-sky-averaged astrophysical electron spectrum.

The two dominant annihilation modes of two Higgsin
neutralinos produceZ0Z0 or W1W2 via t-channel exchange
of a neutralino or a chargino respectively, with a low tem
perature annihilation cross section, assuming neutralino
chargino mass equality@23#,

-

ra
f

FIG. 3. The astrophysical electron energy spectrum measure
Nishimuraet al. @22# is represented with squares, by Tang@19# with
diamonds, and by Goldenet al. @18# with an octagon. The spectrum
predicted by Atoyanet al. @21# is shown by a dashed line. Th
electron plus positron energy spectrum produced from the decay
both Z0 and W6 produced from the annihilation of 3.5 TeV neu
tralinos scaled to accompany the mono-energetic 3.5 TeVg-ray
signal is shown with a solid line.
4-2
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^sv& h̃0h̃05
p~2 cos4uw11!a2

16 sin4uw cos4uwmx̃
2

58310227 cm3 s21S mx̃0

1 TeVD 22

.

The annihilation cross section of pureB-ino neutralinos is
predicted to be smaller. Another annihilation mode of ne
tralinos is the mode that produces, viaW6-chargino loops,
two mono-energeticg rays which offers a cleaner signatu
than the annihilation into a non-mono-energetic elect
spectrum. A pure Higgsino neutralino with mass mu
greater thanmW6 is predicted to be degenerate with th
chargino and have neutralino-mass-independent cross
tion, in the low velocity limit, into a pair of mono-energet
g rays @24#:

^sv& h̃0h̃0→gg5
pa4

4 sin4uWmW6
2 57310229 cm3 s21.

Other authors have predicted a smaller cross section@25#.
The annihilation cross section of pureB-ino neutralinos to a
mono-energeticg ray, via lepton-slepton or quark-squa
loops, is predicted to be smaller@23#. If the total annihilation
cross section for neutralinos is less sensitive to the neutra
composition than is the cross section for neutralino annih
tion to mono-energeticg rays, then measuring the electro
signal and the mono-energeticg-ray signal would constrain
the neutralino composition. The theoretical uncertainties
supersymmetry preclude reliable predictions of the annih
tion cross sections.

The most sensitive limits on near-solarg rays available
are provided by balloon-borne emulsion chamber detec
flown below an average atmospheric overburden
5.5 g cm22 where astrophysicalg rays would survive pas
sage through air which has a radiation length of 37 g cm22

@8#. The dominant background forg-ray measurements con
sists ofg rays fromp0 produced by cosmic rays striking th
atmosphere. A reported possible mono-energeticg-ray sig-
nal, albeit with limited statistical significance, at 3.560.3
TeV energy carried an all-sky-averaged mono-energ
g-ray flux of ^ f g&52.061.031029 cm22 s21 sr21. The
electron measurement andg-ray measurement had a relativ
factor of 2 between their exposures toward the Sun. T
ratio of the two dominant annihilation cross sections to
mono-energeticg-ray cross section for 3.5 TeV Higgsin
neutralinos is predicted to bêsv&Z0Z0,W1W2 /^sv&gg578.
From these factors and the observed mono-energ
g-ray flux ^ f g&, the corresponding flux of electrons an
positrons at 2 TeV is predicted to bê f e6&52
310211 cm22 s21 sr21 GeV21. The electron spectrum de
duced for this flux is shown in Fig. 3. This flux falls belo
the measured electron spectrum at the highest measure
ergy of 2 TeV, which was measured to be@22# ^ f e6&57
31029 cm22 s21 sr21 GeV21.

A possible signature of neutralino annihilation is an
crease in the flux of astrophysical positrons compared w
the predicted flux of positrons produced by cosmic-ray int
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actions with the interstellar medium. An increase in the
trophysical positron versus electron ratio at energies of t
of GeV measured by two experiments@5# was not verified by
a third experiment@6#. The strongest signal for the positro
ratio due to neutralino annihilation would be found at en
gies just below the neutralino mass. Distinguishing positro
from electrons at energies above hundreds of GeV by a
alizable satellite detector proves difficult.

IV. FLUX PREDICTIONS FOR FUTURE EXPERIMENTS

Millagro @26# is a water Čerenkov, air shower array
which, unlike atmospheric Cˇ erenkov telescopes, can obser
electrons andg rays from the Sun. MILAGRO consists of
water-filled, opaque-covered reservoir instrumented w
three layers of phototubes in which the upper layer meas
the electromagnetic shower component, the middle the h
ronic component, and the lower the muonic component. T
detector offers an angular resolution of 1°, a minimum e
ergy threshold of 300 GeV, an energy resolution of650%,
and an energy-dependent effective area of 10 (E/GeV) m2.
Most of the electron andg-ray fluxes from near-solar neu
tralino annihilation will fit inside the 1 square degree reso
tion. By rejecting hadron-rich showers, Milagro mig
achieve electron andg-ray acceptances of near 100% and
hadronic cosmic-ray rejection of 90%. The background g
erated from showers induced by hadronic cosmic rays w
flux dNh /dE51 (E/TeV)22.7 cm22 s21 sr21 GeV21 @27#
will exceed the background from galactic electrons with fl
dNe6 /dE51.6 (E/100 GeV)23.3 cm22 s21 sr21GeV21 @20#
which exceeds the background from galacticg rays @28#.
Near-solar Higgsino neutralino annihilation to electrons a
g rays with energies above 300 GeV can be predicted
provide a signal, compared with the off-source flux, with 5s
statistical significance in 8, 33103, and 13107 h of direct
overhead solar exposure for neutralino masses of 0.35,
and 3.5 TeV, respectively. The background should be
duced further by the blockage of the solar disk on galac
cosmic rays. Milagro awaits commencement in 1999.

The Gamma-ray Large Area Space Telescope~GLAST!
@29# is a proposed satellite detector which can distinguish
cidentg rays from incident electrons. GLAST offers an e
ergy resolution of 10%, an angular resolution of 0.1°
effective area for top-enteringg rays of 0.8 m2, and an ef-
fective area for top-entering electrons of (1.6 m)2. By re-
jecting hadron-like showers in its 10 radiation length vertic
depth calorimeter of segmented CsI scintillators, GLAS
could achieve a near 100% electron acceptance and a
100% hadronic cosmic-ray rejection. The angular resolut
of GLAST, being smaller than the angular size of the so
disk, allows GLAST to reject the higher energy galactic co
mic rays not blocked by the Sun while retaining the 20
fraction of near-solar annihilations that are produced bef
the solar disk. Near-solar Higgsino neutralino annihilati
can be predicted to provide a signal with 5s statistical
significance to electrons with energies above 100 GeV
13102, 53103, and 63105 h of direct overhead sola
exposure and tog rays with energies above 100 GeV
23103, 23104, and 13106 h of direct overhead solar ex
4-3
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posure for neutralino masses of 0.35, 1.0, and 3.5 TeV,
spectively. GLAST could provide measurements of the ne
solar annihilation radial distribution, the neutralino ma
especially from mono-energeticg rays, and constraints o
the neutralino composition from the ratio of the continuu
electron andg-ray signals to the mono-energeticg-ray sig-
nal. If the observed 3.5 TeV mono-energeticg-ray signal@8#
is real and originates from near-solar annihilation, both M
lagro and GLAST should be able to detect the accom
p

D

,
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nying electron and continuumg-ray signal with 5s statistical
significance in under 1 day of direct overhead solar ex
sure. GLAST awaits launch in perhaps 2005.
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