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FIG. 3: PAMELA positron fraction with other experimental data. The positron fraction

measured by the PAMELA experiment compared with other recent experimental data[24, 29, 30,

31, 32, 33, 34, 35]. One standard deviation error bars are shown. If not visible, they lie inside the

data points.

a shower tail catcher scintillator (S4) and a neutron detector. The ToF system provides

a fast signal for triggering the data acquisition and measures the time-of-flight and ioniza-

tion energy losses (dE/dx) of traversing particles. It also allows down-going particles to

be reliably identified. Multiple tracks, produced in interactions above the spectrometer,

were rejected by requiring that only one strip of the top ToF scintillator (S1 and S2) layers

registered an energy deposition (’hit’). Similarly no hits were permitted in either top scintil-

lators of the AC system (CARD and CAT). The central part of the PAMELA apparatus is

12

depart from the calculated curve. They show an excess electron flux
up to about 650GeV, above which the spectrum drops rapidly, with a
return to the ‘general’ spectrum line at,800GeV. In particular, over
the energy range 300 to 800GeV we observe 210 electrons, whereas
GALPROP predicts only 140 events, an excess of about six standard
deviations. Using a source-on/source-off method for determining
‘significance’15, we obtain an excess of roughly four standard devia-
tions (Supplementary Information section 4).

Data recently became available from the Polar Patrol Balloon
(Antarctic) flight of the BETS detector. Although of lower statistical
precision, results from the PPB-BETS calorimeter16 also indicate a
possible structure and agree with the ATIC results (see Fig. 3), giving
added confidence to the conclusion that this feature is real.

We varied the source injection parameters in the GALPROP code
to try to reproduce the data points at 500 to 700GeV. This required a
hard injection spectrum which could not reproduce the drop in flux
above 650GeV and led to overproducing electrons above 1 TeV by a
factor of almost three (and underproducing the well-measured data
below 100GeV).

The observed electron ‘feature’ therefore indicates a nearby source
of high-energy electrons. This may be the result of an astrophysical
object, as energetic electrons have been observed in a variety of astro-
physical sites (for example in a supernova remnant17, pulsar wind
nebula5,18, micro-quasar6 or accreting intermediate-mass black hole).
To fit the electron excess, such a source would need a very steep
energy spectrum (spectral index around 21.4) with a high-energy
cut-off at about 600–700GeV, so as not to overproduce teraelectron-
volt electrons. It is possible that a micro-quasar could produce a
sharp feature in the electron spectrum6, but such an object would
need to be local (less than 1 kpc away) and active relatively recently.
Imaging atmospheric Cherenkov telescopes have observed numerous
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Figure 1 | Separation of electrons from protons in the ATIC instrument.
Candidate electron events (162,000) with energy over 50GeV are plotted as a
histogram with the horizontal axis showing the sum of the ‘weighted energy
fraction’ (F values as defined below) in the last two BGO layers and the
shower width (root mean squared, r.m.s.) in the first two layers. The shower
width is calculated as

r:m:s:h i2~
Xn

i~1

Ei Xi {Xcð Þ2=
Xn

i~1

Ei

where Xc is the coordinate of the energy centre, Xi is the coordinate of the
centre of the ith crystal and Ei is the energy deposited in the ith crystal. The F
value is calculated as Fn~ En=Sumð Þ r:m:s:h i2 where En is the energy deposit
in BGO layer n, Sum is the total energy deposit in all BGO layers and Ær.m.s.æ
refers to layer n (ref. 12). Each event is also fitted to an electromagnetic
cascade profile to estimate the starting point and the depth of the cascade
maximum. An event is accepted if the cascade starts above the first BGO
layer, which eliminates many protons (,75%) but passes most electrons
(,90%). Next a diagonal cut in r.m.s. and F is determined for each energy
bin and used to isolate the electrons. This removes most of the protons (2 in
104 remain) and retains 84% of the electrons12. The selected electrons are
shown as the dotted histogram.
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Figure 2 | ATIC-1 and ATIC-2 spectra at balloon altitude, showing good
agreement with each other. The measured primary electron flux (scaled by
E3) at flight altitude is shown for ATIC-1 (open squares) and ATIC-2 (filled
circles). The errors are one standard deviation. Both balloon flights were
from McMurdo, Antarctica, and circumnavigated that continent. ATIC-1
was a test flight in 2000–01 and the usable data correspond to an exposure of
0.61m2 sr days. ATIC-2 was a science flight in 2002–03 with an exposure of
2.47m2 sr days. To eliminate edge effects, we restrict the incident zenith
angle to be less than,37u (cos h$ 0.8), use only the central 80% of the SiM
and eliminate events in the outer crystals in each BGO layer. Within these
limits, the electron detection efficiency above 60GeV is 84% essentially
independent of energy. The effective acceptance was determined as a
function of particle energy considering the trigger efficiency, trajectory
reconstruction efficiency and the geometrical restrictions. The effective
acceptance of the instrument increases from 0.075m2 sr at 20GeV to
0.15m2 sr for E. 60GeV. Above 100GeV, a total of 1,724 electron events
were observed, with the highest energy event at 2.3 TeV. The total
background is also shown in the figure as the open triangles and is a
combination of unresolved protons, unidentified c-rays and atmospheric
secondary electrons produced in the material (,4.5 g cm22) above the
instrument. ATIC becomes background limited for electrons only above
several teraelectronvolts.
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Figure 3 | ATIC results showing agreement with previous data at lower
energy and with the imaging calorimeter PPB-BETS at higher energy. The
electron differential energy spectrummeasured byATIC (scaled by E3) at the
top of the atmosphere (red filled circles) is compared with previous
observations from the Alpha Magnetic Spectrometer AMS (green stars)31,
HEAT (open black triangles)30, BETS (open blue circles)32, PPB-BETS (blue
crosses)16 and emulsion chambers (black open diamonds)4,8,9, with
uncertainties of one standard deviation. The GALPROP code calculates a
power-law spectral index of 23.2 in the low-energy region (solid curve)14.
(The dashed curve is the solar modulated electron spectrum and shows that
modulation is unimportant above ,20GeV.) From several hundred to
,800GeV, ATIC observes an ‘enhancement’ in the electron intensity over
theGALPROP curve. Above 800GeV, theATICdata returns to the solid line.
The PPB-BETS data also seem to indicate an enhancement and, as discussed
in Supplementary Information section 3, within the uncertainties the
emulsion chamber results are not in conflict with the ATIC data.
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Positron Excess or Electron Deficit?

We don’t know yet.

But, we do know that if it is an 
electron deficit, PAMELA sees far 
fewer electrons than any other
experiment that has measured

the same energy range.
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Fig. 11. Energy spectrum of atmospheric gamma rays observed with PPB-BETS,
compared to the BETS [7] and ECC [23]. The gamma-ray fluxes are normalized to
7.4 g cm−2 equivalent altitude. The dash line shows the best fit power-law function
of PPB-BETS data with an index of −2.77±0.21.
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Fig. 12. Electron energy spectrum observed with PPB-BETS (solid circles) in com-
parison with the energy spectra of BETS (solid squares) ant the other observations.
The dash line shows the best fit power-law function of the combined spectrum of
PPB-BETS and BETS with an index of −3.05±0.05.
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Existing electron data from other experiments
(5-100 GeV only) can be used to 

determine the shape of electron flux.

Experiment power law index α

AMS-01 [29] 3.15± 0.04

ATIC [30] 3.14± 0.08

BETS [31, 32] 3.05± 0.05

CAPRICE [33] 3.47± 0.34

HEAT [34] 2.82± 0.16

MASS [35] 2.89± 0.10

TABLE I: Our weighted least-squares best fit to the electron
flux, Φe−(E) ∝ E−α, measured by the various experiments.
The BETS best fit was taken from [32]; their best fit to just
the lower energy data between 10 to 100 GeV is 3.00 ± 0.09
[31]; the error is assumed to be 1σ. The MASS best fit taken
from [35]; the error is assumed to be 1σ. We emphasize that
our reported errors for the other experiments are purely sta-
tistical (95% CL) with regard to fitting data (with errors)
to a power law, and do not necessarily reflect the individual
experiments’ precision.

CAPRICE [33], HEAT [34], and MASS [35], have mea-
sured the electron flux, with or without charge identifi-
cation. We have performed a weighted least-squares fit
to their data for energies larger than 5 GeV. For BETS
and MASS we used their reported their best fit, since
their energy range began above 5 GeV. Our results are
given in Table I. A very conservative interpretation of
the data is that the observed electron flux is falling as
E−3.15±0.35 for E > 5 GeV, which spans all of the cen-
tral best-fit values of the experiments. Another approach
to the uncertainties in the electron spectra can be found
in [51]. Their result for the electron flux is that it falls
as E−3.44±0.03, which is within our range, though with
what seems to us to be an unrealistically small error.

The spectra of positrons is determined from secondary
production, after protons (or heavier nuclei) inelastically
collide into other protons or nuclei, emitting charged pi-
ons that decay into positrons. This requires simulating
networks of hadron interactions and decays, using nu-
clear and particle physics data. The positron flux is thus
ultimately determined by the injected nucleon spectrum,
nuclear cross sections and the propagation model and pa-
rameters.

By fitting the resulting nucleon spectra to data, the
injected nucleon spectrum and propagation parameters
can be well constrained. A recent study by [52] used
Galprop to fit to the proton spectra, the B/C ratio, and
other data to determine the best-fit and a range of prop-
agation parameters. We use their results in determining
the propagation model and parameters that best repro-
duce the nucleon spectra. Their study [52] considered
propagation with convection (“DC” model), with reac-
celeration (“DR” model), and reacceleration with a break
in the spectra (“DRB” model). They also considered a
“min”, “max”, and “best” set of propagation parameters
for each model. We found that using the default proton
injection spectrum in Galprop, combined with either the
“min” or “max” sets of propagation parameters, gener-

ally gave a considerably worse fit to the experimentally
observed proton spectrum [36, 53]. Since positrons derive
from protons, we opted to consider only their “best” fits.
We should emphasize that these three models do not rep-
resent the full uncertainty in propagation, but are rather
meant to gain a quantitative understanding of the differ-
ent spectra possible with qualitatively different models of
propagation. Further studies of propagation effects can
be found in [54]. In the end, the propagation parameter
dependence is considerably milder than the present un-
certainty arising from the background electron spectrum.

We therefore determined the background spectrum in
the following way. Given a propagation model, the ab-
solute positron spectrum is determined. Using the pub-
lished PAMELA flux ratio data point at 4.5 GeV [1], we
inverted the positron flux to obtain the absolute electron
flux Φe−(4.5 GeV = 2.5 × 10−4 cm−2 s−1 sr−1 GeV−1,
which is our normalization for the background. We then
used our power-law best fit range to the electron data
given in Table I as the background electron flux. This
procedure assumes that any new physics contribution
to the positron (or electron) flux at 4.5 GeV is negli-
gible (which we verify, ex post facto, below). The result-
ing background positron fraction is shown in Figure 2
for the three propagation models we have chosen (Thick
lines). The uncertainties due to the variations in the elec-
tron spectral slope are also shown (thin lines and blue
band for the DC model). As advertised earlier, the un-
certainty in the electron spectrum currently dominates,
and will hopefully lessen as the absolute electron flux
from PAMELA, Fermi/GLAST, and other instruments
are released. However, despite the large uncertainty in
background, the PAMELA shape and size, particularly at
the highest energies, lies well outside our generous range
of the predicted background from secondary production.
We will now explore the possibility that this excess can be
explained by annihilation of Dirac dark matter particles.

B. Positron Signal

The same processes that freeze out a thermal relic
abundance of Dirac dark matter also leads to an an-
nihilation rate in our galactic neighborhood. Since the
thermally-averaged annihilation rate was dominated by
the zero temperature limit, the same annihilation rate,
Eq. (6), also applies to the annihilation happening in the
galaxy today. This provides a model-independent rela-
tionship between annihilation rates, and provides one of
the strongest constraints on a Dirac dark matter inter-
pretation of the PAMELA excess.

The abundance in the local galactic neighborhood is
typically taken to be ρ8.5 = 0.3 GeV/cm3 [53]. We as-
sume an isothermal halo profile, where

ρ(r) = ρ8.5
r2
8.5 + a2

r2 + a2
(11)

with a = 5 kpc. Our results are not strongly sensitive to
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FIG. 2: The positron ratio assuming background only as cal-
culated by Galprop for the 3 propagation models described
in the text, DC (solid), DR (long dashed) and DRB(short
dashed). The central thick lines assume an electron spectral
spectrum Φe−(E) ∝ E−3.15 whereas the thinner lines above
and below show the affect of varying the electron spectrum
by Φe−(E) ∝ E−3.5 and E−2.8, respectively, within the range
as determined by Table I. The data is taken from the recent
PAMELA observations [1].

the choice of profile, since most energetic positrons arrive
from our galactic neighborhood, of order 1 kpc, where
the dark matter density is not nearly as uncertain as it
is in the galactic center. The precise local average dark
matter density is itself subject to uncertainties. Since
this is a simple scaling of the signal, we will fold this
uncertainty into the boost factor. But of course it should
be remembered that, for example, a boost factor of 4
could be equivalently obtained by scaling ρ8.5 up by a
factor of 2, which is within the uncertainties [53, 55].

In addition to annihilation within the smooth dark
matter halo, it has been suggested that indirect signals of
dark matter annihilation could be boosted due to a large
degree of clumpiness in our halo. Such clumps of dark
matter may be a remnant of the hierarchical build-up of
galactic halos from small to large (e.g. [56]). In particu-
lar, if the Earth happens to be near a dense dark matter
clump, annihilation signals may be enhanced, though this
does seem to be a probable scenario. Recent many body
simulations show that though a boost factor of order a
few is possible, while a boost exceeding of order 20 in the
positron signal appears unlikely [57].

The basic physics that leads to a positron flux from
dark matter annihilation is twofold: First, dark matter
annihilates into SM matter. The annihilation could pro-
ceed directly into e+e−, or into for example µ+µ−, which
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FIG. 3: The positron fraction from a 100 GeV Dirac dark
matter particle that annihilates to right handed electrons.
Three propagation models are plotted: DC (solid), DR (long
dash), and DRB (short dash), as well as the uncertainty due
to variation of the electron spectral slope. No boost factor
was employed for this figure. Within the present astrophysi-
cal uncertainties, the PAMELA data can be explained so long
as the electron spectrum is quite steep, Φe− ∝ E−3.5, corre-
sponding to the top of the shaded blue band.

then decays into electrons and positrons. Earlier analy-
ses with pre-publication PAMELA data (e.g. [9]) suggest
that the annihilation channels W+W−, bb̄, qq̄ are not
nearly as favorable as directly into e+e− or "+"−, given a
velocity-independent annihilation cross section and min-
imizing boost factors. We used DarkSUSY [58] to obtain
the (at-source) energy distributions of positrons from an-
nihilation into muons and taus.

The second component of a positron signal is the prop-
agation of a positron with a given energy from where it
was created to Earth. We propagate the signal positrons
using Galprop for the three propagation models described
above in the previous subsection.

Our results are shown in a series of figures. We begin
with a Dirac dark matter candidate that couples only
to right-handed electrons. This benchmark model max-
imizes the signal. Indeed, as can be seen in Figure 3,
the PAMELA data lie within the uncertainty band of
the expected signal, though fitting the data would re-
quire a rather steep electron spectrum, a hypothesis that
will be surely be tested by PAMELA itself as well as
Fermi/GLAST. It should be stressed that in Figure 3
we use an annihilation cross section given by Eq. (10)
which matches the relic abundance calculation. Within
the present astrophysical uncertainties, we find no boost
factor is required to explain the preliminary data. The
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FIG. 2: The positron ratio assuming background only as cal-
culated by Galprop for the 3 propagation models described
in the text, DC (solid), DR (long dashed) and DRB(short
dashed). The central thick lines assume an electron spectral
spectrum Φe−(E) ∝ E−3.15 whereas the thinner lines above
and below show the affect of varying the electron spectrum
by Φe−(E) ∝ E−3.5 and E−2.8, respectively, within the range
as determined by Table I. The data is taken from the recent
PAMELA observations [1].

the choice of profile, since most energetic positrons arrive
from our galactic neighborhood, of order 1 kpc, where
the dark matter density is not nearly as uncertain as it
is in the galactic center. The precise local average dark
matter density is itself subject to uncertainties. Since
this is a simple scaling of the signal, we will fold this
uncertainty into the boost factor. But of course it should
be remembered that, for example, a boost factor of 4
could be equivalently obtained by scaling ρ8.5 up by a
factor of 2, which is within the uncertainties [53, 55].

In addition to annihilation within the smooth dark
matter halo, it has been suggested that indirect signals of
dark matter annihilation could be boosted due to a large
degree of clumpiness in our halo. Such clumps of dark
matter may be a remnant of the hierarchical build-up of
galactic halos from small to large (e.g. [56]). In particu-
lar, if the Earth happens to be near a dense dark matter
clump, annihilation signals may be enhanced, though this
does seem to be a probable scenario. Recent many body
simulations show that though a boost factor of order a
few is possible, while a boost exceeding of order 20 in the
positron signal appears unlikely [57].

The basic physics that leads to a positron flux from
dark matter annihilation is twofold: First, dark matter
annihilates into SM matter. The annihilation could pro-
ceed directly into e+e−, or into for example µ+µ−, which
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FIG. 3: The positron fraction from a 100 GeV Dirac dark
matter particle that annihilates to right handed electrons.
Three propagation models are plotted: DC (solid), DR (long
dash), and DRB (short dash), as well as the uncertainty due
to variation of the electron spectral slope. No boost factor
was employed for this figure. Within the present astrophysi-
cal uncertainties, the PAMELA data can be explained so long
as the electron spectrum is quite steep, Φe− ∝ E−3.5, corre-
sponding to the top of the shaded blue band.

then decays into electrons and positrons. Earlier analy-
ses with pre-publication PAMELA data (e.g. [9]) suggest
that the annihilation channels W+W−, bb̄, qq̄ are not
nearly as favorable as directly into e+e− or "+"−, given a
velocity-independent annihilation cross section and min-
imizing boost factors. We used DarkSUSY [58] to obtain
the (at-source) energy distributions of positrons from an-
nihilation into muons and taus.

The second component of a positron signal is the prop-
agation of a positron with a given energy from where it
was created to Earth. We propagate the signal positrons
using Galprop for the three propagation models described
above in the previous subsection.

Our results are shown in a series of figures. We begin
with a Dirac dark matter candidate that couples only
to right-handed electrons. This benchmark model max-
imizes the signal. Indeed, as can be seen in Figure 3,
the PAMELA data lie within the uncertainty band of
the expected signal, though fitting the data would re-
quire a rather steep electron spectrum, a hypothesis that
will be surely be tested by PAMELA itself as well as
Fermi/GLAST. It should be stressed that in Figure 3
we use an annihilation cross section given by Eq. (10)
which matches the relic abundance calculation. Within
the present astrophysical uncertainties, we find no boost
factor is required to explain the preliminary data. The
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depart from the calculated curve. They show an excess electron flux
up to about 650GeV, above which the spectrum drops rapidly, with a
return to the ‘general’ spectrum line at,800GeV. In particular, over
the energy range 300 to 800GeV we observe 210 electrons, whereas
GALPROP predicts only 140 events, an excess of about six standard
deviations. Using a source-on/source-off method for determining
‘significance’15, we obtain an excess of roughly four standard devia-
tions (Supplementary Information section 4).

Data recently became available from the Polar Patrol Balloon
(Antarctic) flight of the BETS detector. Although of lower statistical
precision, results from the PPB-BETS calorimeter16 also indicate a
possible structure and agree with the ATIC results (see Fig. 3), giving
added confidence to the conclusion that this feature is real.

We varied the source injection parameters in the GALPROP code
to try to reproduce the data points at 500 to 700GeV. This required a
hard injection spectrum which could not reproduce the drop in flux
above 650GeV and led to overproducing electrons above 1 TeV by a
factor of almost three (and underproducing the well-measured data
below 100GeV).

The observed electron ‘feature’ therefore indicates a nearby source
of high-energy electrons. This may be the result of an astrophysical
object, as energetic electrons have been observed in a variety of astro-
physical sites (for example in a supernova remnant17, pulsar wind
nebula5,18, micro-quasar6 or accreting intermediate-mass black hole).
To fit the electron excess, such a source would need a very steep
energy spectrum (spectral index around 21.4) with a high-energy
cut-off at about 600–700GeV, so as not to overproduce teraelectron-
volt electrons. It is possible that a micro-quasar could produce a
sharp feature in the electron spectrum6, but such an object would
need to be local (less than 1 kpc away) and active relatively recently.
Imaging atmospheric Cherenkov telescopes have observed numerous
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Figure 1 | Separation of electrons from protons in the ATIC instrument.
Candidate electron events (162,000) with energy over 50GeV are plotted as a
histogram with the horizontal axis showing the sum of the ‘weighted energy
fraction’ (F values as defined below) in the last two BGO layers and the
shower width (root mean squared, r.m.s.) in the first two layers. The shower
width is calculated as

r:m:s:h i2~
Xn

i~1

Ei Xi {Xcð Þ2=
Xn

i~1

Ei

where Xc is the coordinate of the energy centre, Xi is the coordinate of the
centre of the ith crystal and Ei is the energy deposited in the ith crystal. The F
value is calculated as Fn~ En=Sumð Þ r:m:s:h i2 where En is the energy deposit
in BGO layer n, Sum is the total energy deposit in all BGO layers and Ær.m.s.æ
refers to layer n (ref. 12). Each event is also fitted to an electromagnetic
cascade profile to estimate the starting point and the depth of the cascade
maximum. An event is accepted if the cascade starts above the first BGO
layer, which eliminates many protons (,75%) but passes most electrons
(,90%). Next a diagonal cut in r.m.s. and F is determined for each energy
bin and used to isolate the electrons. This removes most of the protons (2 in
104 remain) and retains 84% of the electrons12. The selected electrons are
shown as the dotted histogram.
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Figure 2 | ATIC-1 and ATIC-2 spectra at balloon altitude, showing good
agreement with each other. The measured primary electron flux (scaled by
E3) at flight altitude is shown for ATIC-1 (open squares) and ATIC-2 (filled
circles). The errors are one standard deviation. Both balloon flights were
from McMurdo, Antarctica, and circumnavigated that continent. ATIC-1
was a test flight in 2000–01 and the usable data correspond to an exposure of
0.61m2 sr days. ATIC-2 was a science flight in 2002–03 with an exposure of
2.47m2 sr days. To eliminate edge effects, we restrict the incident zenith
angle to be less than,37u (cos h$ 0.8), use only the central 80% of the SiM
and eliminate events in the outer crystals in each BGO layer. Within these
limits, the electron detection efficiency above 60GeV is 84% essentially
independent of energy. The effective acceptance was determined as a
function of particle energy considering the trigger efficiency, trajectory
reconstruction efficiency and the geometrical restrictions. The effective
acceptance of the instrument increases from 0.075m2 sr at 20GeV to
0.15m2 sr for E. 60GeV. Above 100GeV, a total of 1,724 electron events
were observed, with the highest energy event at 2.3 TeV. The total
background is also shown in the figure as the open triangles and is a
combination of unresolved protons, unidentified c-rays and atmospheric
secondary electrons produced in the material (,4.5 g cm22) above the
instrument. ATIC becomes background limited for electrons only above
several teraelectronvolts.
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Figure 3 | ATIC results showing agreement with previous data at lower
energy and with the imaging calorimeter PPB-BETS at higher energy. The
electron differential energy spectrummeasured byATIC (scaled by E3) at the
top of the atmosphere (red filled circles) is compared with previous
observations from the Alpha Magnetic Spectrometer AMS (green stars)31,
HEAT (open black triangles)30, BETS (open blue circles)32, PPB-BETS (blue
crosses)16 and emulsion chambers (black open diamonds)4,8,9, with
uncertainties of one standard deviation. The GALPROP code calculates a
power-law spectral index of 23.2 in the low-energy region (solid curve)14.
(The dashed curve is the solar modulated electron spectrum and shows that
modulation is unimportant above ,20GeV.) From several hundred to
,800GeV, ATIC observes an ‘enhancement’ in the electron intensity over
theGALPROP curve. Above 800GeV, theATICdata returns to the solid line.
The PPB-BETS data also seem to indicate an enhancement and, as discussed
in Supplementary Information section 3, within the uncertainties the
emulsion chamber results are not in conflict with the ATIC data.
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Observation:  Minimizing the discrepency 
using solely the electron flux...

PAMELA prefers a steeper slope

ATIC/BETS prefers a shallower slope.



Annihilating Dark Matter

Cross section enhancements

Annihilation channel(s)

Constraints & Predictions



Why not annihilate to quarks, h, W’s?
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FIG. 3: The antiproton-to-proton flux ratio obtained in this work compared with theoretical cal-

culations for a pure secondary production of antiprotons during the propagation of cosmic rays

in the galaxy. The dashed lines show the upper and lower limits calculated by Simon et al. [17]

for the standard Leaky Box Model, while the dotted lines show the limits from Donato et al. [18]

for a Diffusion model. The solid line shows the calculation by Ptuskin et al. [19] for the case of a

Plain Diffusion model. The curves were obtained using appropriate solar modulation parameters

(indicated as φ) for the PAMELA data taking period.

was not subtracted from the results and should be considered as a systematic uncertainty.

It is less than a few percent of the signal, which is significantly lower than the statistical

uncertainty.

Figure 3 shows the antiproton-to-proton flux ratio measured by the PAMELA experiment

compared with theoretical calculations assuming pure secondary production of antiprotons

during the propagation of cosmic rays in the galaxy. The PAMELA data are in excellent

agreement with recent data from other experiments, as shown in Figure 4.

We have presented the antiproton-to-proton flux ratio over the most extended energy

range ever achieved and we have improved the existing statistics at high energies by an

order of magnitude. The ratio increases smoothly from about 4 × 10−5 at a kinetic energy

of about 1 GeV and levels off at about 1 × 10−4 for energies above 10 GeV. Our results

are sufficiently precise to place tight constraints on secondary production calculations and

contributions from exotic sources, e.g. dark matter particle annihilations.

PAMELA is continuously taking data and the mission is planned to continue until at

9
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Figure 1: Three examples of fits of e+ (left), e+ + e− (center), p̄ (right) data, for M =
150 GeV (upper row, excluded by p̄), M = 1 TeV (middle row, favored by data), M =
10 TeV (lower row, disfavored by the current e+ + e− excess). Galactic DM profiles and
propagation models are varied to provide the best fit. See Sec. 4 for the discussion on the
treatment of the uncertain astrophysical background.
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W’s suck.
Too many anti-protons.



3

 0.01

 0.1

 1

 10  100

!
e

+
 /
 !

e
+
 +

 !
e

-

Energy (GeV)

Model A
m"=  100 GeV

Background
e

+
e

-
, BF = 3.8

µ
+
µ

-
, BF = 6.1

#
+
#
-
, BF = 12

W
+
W

-
, BF = 24

Z
0
Z

0
, BF = 34

b
–
b, BF = 33

 0.01

 0.1

 1

 10  100

Energy (GeV)

Model A
m"=  300 GeV

Background
e

+
e

-
, BF = 32

µ
+
µ

-
, BF = 44

#
+
#
-
, BF = 57

W
+
W

-
, BF = 66

Z
0
Z

0
, BF = 74

b
–
b, BF = 57

 0.01

 0.1

 1

 10  100  1000

Energy (GeV)

Model A
m"=  1 TeV

Background
e

+
e

-
, BF = 310

µ
+
µ

-
, BF = 450

#
+
#
-
, BF = 430

W
+
W

-
, BF = 210

Z
0
Z

0
, BF = 210

b
–
b, BF = 160

 0.01

 0.1

 1

 10  100

!
e

+
 /
 !

e
+
 +

 !
e

-

Energy (GeV)

Model B
m"=  100 GeV

Background
e

+
e

-
, BF = 23

µ
+
µ

-
, BF = 25

#
+
#
-
, BF = 45

W
+
W

-
, BF = 91

Z
0
Z

0
, BF = 100

b
–
b, BF = 100

 0.01

 0.1

 1

 10  100

Energy (GeV)

Model B
m"=  300 GeV

Background
e

+
e

-
, BF = 430

µ
+
µ

-
, BF = 250

#
+
#
-
, BF = 240

W
+
W

-
, BF = 240

Z
0
Z

0
, BF = 250

b
–
b, BF = 180

 0.01

 0.1

 1

 10  100  1000

Energy (GeV)

Model B
m"=  1 TeV

Background
e

+
e

-
, BF = 6300

µ
+
µ

-
, BF = 4200

#
+
#
-
, BF = 2400

W
+
W

-
, BF = 820

Z
0
Z

0
, BF = 770

b
–
b, BF = 570

 0.01

 0.1

 1

 10  100

!
e

+
 /
 !

e
+
 +

 !
e

-

Energy (GeV)

Model C
m"=  100 GeV

Background
e

+
e

-
, BF = 2.4

µ
+
µ

-
, BF = 4.3

#
+
#
-
, BF = 9.0

W
+
W

-
, BF = 17

Z
0
Z

0
, BF = 24

b
–
b, BF = 24

 0.01

 0.1

 1

 10  100

Energy (GeV)

Model C
m"=  300 GeV

Background
e

+
e

-
, BF = 18

µ
+
µ

-
, BF = 29

#
+
#
-
, BF = 39

W
+
W

-
, BF = 47

Z
0
Z

0
, BF = 53

b
–
b, BF = 42

 0.01

 0.1

 1

 10  100  1000

Energy (GeV)

Model C
m"=  1 TeV

Background
e

+
e

-
, BF = 170

µ
+
µ

-
, BF = 270

#
+
#
-
, BF = 280

W
+
W

-
, BF = 150

Z
0
Z

0
, BF = 150

b
–
b, BF = 110

FIG. 1: The positron fraction as a function of energy for various dark matter masses, annihilation modes and diffusion
parameters, compared to the background from secondary production alone (bottom line). In each frame, the annihilation rate
was chosen to produce the best fit to the PAMELA data above 10 GeV. The required boost factor was calculated using our
default values for the annihilation cross section (σv = 3 × 10−26 cm3/s) and the local dark matter density (0.35 GeV/cm3).

nels [29].

In summary, the PAMELA excess of high energy
positrons, confirming earlier excesses from HEAT and
AMS-01, raises the exciting possibility that we are seeing
evidence of dark matter annihilations. In this letter, we
have considered a range of dark matter annihilation chan-
nels and masses and find many scenarios which provide a
good fit to the data. In particular, dark matter annihila-
tions to leptons (especially e+e− and µ+µ−) quite easily
fit the observed spectrum. Annihilations to heavy quarks

or gauge bosons, in contrast, provide a poorer fit to the
data. This can be improved if most of the annihilations
occur locally (such as is expected if the Solar System re-
sides near a large subhalo or if the Galactic Magnetic
Field confines charged particles only to a region within
1-2 kpc of the Galactic Plane). In almost every case
we have considered, very large annihilation rates are re-
quired to produce the observed signal. In particular, 100
GeV (1 TeV) dark matter particles require annihilation
rates boosted by a factor of approximately ∼2.5 to 100

Cholis
et al



W’s, b’s, Z’s suck.
Too many low energy positrons;

bad “fit” to PAMELA data.

Conclusion: annihilate to leptons.



How to get leptons

* Kinematics

* Hypercharge

* New symmetries

* (new ideas?)



My personal favorite:  hypercharge

If <σv> proportional to Y4, automatically 
dominantly annihilate to (RH-)leptons.

Expect roughly
80% to RH leptons
15% to RH up-type quarks
5% rest...

Models utilizing this: UED; Dirac Bino; ...

Interesting Question:  Is this good enough to 
satisfy antiproton signal?



FIG. 1: The positron spectrum from generic particle dark
matter annihilations, prior to propagation, for selected an-
nihilation modes with mDM = 300 GeV. Solid, dot-dash,
dotted and dashed lines correspond to the positron spectrum
per annihilation into µ+µ−, τ+τ−, bb̄ and gauge bosons, re-
spectively. Charged lepton final states clearly produce a con-
siderably harder spectrum of positrons than in other modes.
The spectrum for annihilation into e+e− (not shown) is triv-
ially a delta function at an energy equal to the dark matter
particle mass.

calculated using PYTHIA [20] as it is implemented in
the DarkSusy package [21].

Following their production, positrons travel through
the galactic halo under the influence of interstellar mag-
netic fields and lose energy via inverse Compton and
synchrotron processes. The effects of propagation on
the positron spectrum can be calculated using a stan-
dard diffusion model [7, 22]. Such a technique is limited,
however, by the uncertainties in the relevant parameters,
such as the diffusion constant and energy loss rate.

Cosmic ray measurements (primarily the boron to
carbon ratio) indicate a diffusion constant best fit to
K(Ee+) = 3.3 × 1028(Ee+/1 GeV)0.47 cm2/s [23] with 20
to 25% uncertainties at the 1σ confidence level. For the
positron energy loss rate, only a rough estimate is pos-
sible, and the value of this parameter could vary with
location. We use a value for the energy loss rate of
b(Ee+) = 10−16(Ee+/1 GeV)2 GeV/s. We consider a
2L = 8 kpc thick slab for the diffusion zone, which is the
width best fit to observations [23, 24]. While we have
used a modified isothermal sphere profile, we find that
other profiles such as NFW produce very similar results.
The effect of varying L is also small. This is because
positrons, unlike gamma-rays and anti-protons, travel
only a few kpc before losing their energy. For further dis-
cussion of two-zone diffusion models, see Refs. [7, 24, 25].

To minimize the effects of solar modulation, the

FIG. 2: The positron fraction from annihilation of KKDM
is shown as a function of positron energy. The solid and
dashed lines represent 300 and 600 GeV B(1)s, respec-
tively. The annihilation rate was treated as a free param-
eter, used for normalization. The dotted line represents
the background predicted with no contribution from dark
matter annihilation. The error bars shown are from the
1994-95 and 2000 HEAT flights. The propagation parame-
ters K(Ee+) = 3.3 × 1028(Ee+/1GeV)0.47 cm2/s, b(Ee+) =
10−16(Ee+/1 GeV)2 GeV/s and L = 4kpc were used.

spectrum of cosmic positrons is generally shown as a
“positron fraction”, or the ratio of positrons to positrons
plus electrons at a given energy. We convert our positron
flux to a positron fraction by using the spectrum of sec-
ondary positrons, secondary electrons and primary elec-
trons found in Ref. [4]. This flux (without a dark matter
contribution) constitutes the background to a potential
signal.

The positron fraction predicted from KKDM annihila-
tion is shown as a function of positron energy in Fig. 2.
The level-one KK spectrum was assumed to be almost
degenerate although we found only very slight variation
for a spectrum including the effects of radiative correc-
tions [13]. Comparing our results to the measurements of
the 1994-95 and 2000 HEAT flights, it is clear that above
7-8 GeV the background-only curve fails to match the
data while KKDM annihilation can provide a reasonably
good fit to the data.

With substantial uncertainties in the propagation pa-
rameters, it is important to consider the effect of varying
these quantities on the positron spectrum. In Fig. 3, we
show the positron fraction for mB(1) = 300 GeV with
various choices of the diffusion constant and energy loss
rate.

To compare our propagation model and parameters
with those used in other studies, we remark on two other
collaborations’ treatment of this problem. First, Edsjö
and Baltz [7] used a considerably lower diffusion con-
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a shower tail catcher scintillator (S4) and a neutron detector. The ToF system provides

a fast signal for triggering the data acquisition and measures the time-of-flight and ioniza-

tion energy losses (dE/dx) of traversing particles. It also allows down-going particles to

be reliably identified. Multiple tracks, produced in interactions above the spectrometer,

were rejected by requiring that only one strip of the top ToF scintillator (S1 and S2) layers

registered an energy deposition (’hit’). Similarly no hits were permitted in either top scintil-

lators of the AC system (CARD and CAT). The central part of the PAMELA apparatus is

12

Hooper & GK 2004

UED Dark Matter fitting the HEAT excess



FIG. 1: The positron spectrum from generic particle dark
matter annihilations, prior to propagation, for selected an-
nihilation modes with mDM = 300 GeV. Solid, dot-dash,
dotted and dashed lines correspond to the positron spectrum
per annihilation into µ+µ−, τ+τ−, bb̄ and gauge bosons, re-
spectively. Charged lepton final states clearly produce a con-
siderably harder spectrum of positrons than in other modes.
The spectrum for annihilation into e+e− (not shown) is triv-
ially a delta function at an energy equal to the dark matter
particle mass.

calculated using PYTHIA [20] as it is implemented in
the DarkSusy package [21].

Following their production, positrons travel through
the galactic halo under the influence of interstellar mag-
netic fields and lose energy via inverse Compton and
synchrotron processes. The effects of propagation on
the positron spectrum can be calculated using a stan-
dard diffusion model [7, 22]. Such a technique is limited,
however, by the uncertainties in the relevant parameters,
such as the diffusion constant and energy loss rate.

Cosmic ray measurements (primarily the boron to
carbon ratio) indicate a diffusion constant best fit to
K(Ee+) = 3.3 × 1028(Ee+/1 GeV)0.47 cm2/s [23] with 20
to 25% uncertainties at the 1σ confidence level. For the
positron energy loss rate, only a rough estimate is pos-
sible, and the value of this parameter could vary with
location. We use a value for the energy loss rate of
b(Ee+) = 10−16(Ee+/1 GeV)2 GeV/s. We consider a
2L = 8 kpc thick slab for the diffusion zone, which is the
width best fit to observations [23, 24]. While we have
used a modified isothermal sphere profile, we find that
other profiles such as NFW produce very similar results.
The effect of varying L is also small. This is because
positrons, unlike gamma-rays and anti-protons, travel
only a few kpc before losing their energy. For further dis-
cussion of two-zone diffusion models, see Refs. [7, 24, 25].

To minimize the effects of solar modulation, the

FIG. 2: The positron fraction from annihilation of KKDM
is shown as a function of positron energy. The solid and
dashed lines represent 300 and 600 GeV B(1)s, respec-
tively. The annihilation rate was treated as a free param-
eter, used for normalization. The dotted line represents
the background predicted with no contribution from dark
matter annihilation. The error bars shown are from the
1994-95 and 2000 HEAT flights. The propagation parame-
ters K(Ee+) = 3.3 × 1028(Ee+/1GeV)0.47 cm2/s, b(Ee+) =
10−16(Ee+/1 GeV)2 GeV/s and L = 4kpc were used.

spectrum of cosmic positrons is generally shown as a
“positron fraction”, or the ratio of positrons to positrons
plus electrons at a given energy. We convert our positron
flux to a positron fraction by using the spectrum of sec-
ondary positrons, secondary electrons and primary elec-
trons found in Ref. [4]. This flux (without a dark matter
contribution) constitutes the background to a potential
signal.

The positron fraction predicted from KKDM annihila-
tion is shown as a function of positron energy in Fig. 2.
The level-one KK spectrum was assumed to be almost
degenerate although we found only very slight variation
for a spectrum including the effects of radiative correc-
tions [13]. Comparing our results to the measurements of
the 1994-95 and 2000 HEAT flights, it is clear that above
7-8 GeV the background-only curve fails to match the
data while KKDM annihilation can provide a reasonably
good fit to the data.

With substantial uncertainties in the propagation pa-
rameters, it is important to consider the effect of varying
these quantities on the positron spectrum. In Fig. 3, we
show the positron fraction for mB(1) = 300 GeV with
various choices of the diffusion constant and energy loss
rate.

To compare our propagation model and parameters
with those used in other studies, we remark on two other
collaborations’ treatment of this problem. First, Edsjö
and Baltz [7] used a considerably lower diffusion con-
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a shower tail catcher scintillator (S4) and a neutron detector. The ToF system provides

a fast signal for triggering the data acquisition and measures the time-of-flight and ioniza-

tion energy losses (dE/dx) of traversing particles. It also allows down-going particles to

be reliably identified. Multiple tracks, produced in interactions above the spectrometer,

were rejected by requiring that only one strip of the top ToF scintillator (S1 and S2) layers

registered an energy deposition (’hit’). Similarly no hits were permitted in either top scintil-

lators of the AC system (CARD and CAT). The central part of the PAMELA apparatus is
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FIG. 1: The positron spectrum from generic particle dark
matter annihilations, prior to propagation, for selected an-
nihilation modes with mDM = 300 GeV. Solid, dot-dash,
dotted and dashed lines correspond to the positron spectrum
per annihilation into µ+µ−, τ+τ−, bb̄ and gauge bosons, re-
spectively. Charged lepton final states clearly produce a con-
siderably harder spectrum of positrons than in other modes.
The spectrum for annihilation into e+e− (not shown) is triv-
ially a delta function at an energy equal to the dark matter
particle mass.

calculated using PYTHIA [20] as it is implemented in
the DarkSusy package [21].

Following their production, positrons travel through
the galactic halo under the influence of interstellar mag-
netic fields and lose energy via inverse Compton and
synchrotron processes. The effects of propagation on
the positron spectrum can be calculated using a stan-
dard diffusion model [7, 22]. Such a technique is limited,
however, by the uncertainties in the relevant parameters,
such as the diffusion constant and energy loss rate.

Cosmic ray measurements (primarily the boron to
carbon ratio) indicate a diffusion constant best fit to
K(Ee+) = 3.3 × 1028(Ee+/1 GeV)0.47 cm2/s [23] with 20
to 25% uncertainties at the 1σ confidence level. For the
positron energy loss rate, only a rough estimate is pos-
sible, and the value of this parameter could vary with
location. We use a value for the energy loss rate of
b(Ee+) = 10−16(Ee+/1 GeV)2 GeV/s. We consider a
2L = 8 kpc thick slab for the diffusion zone, which is the
width best fit to observations [23, 24]. While we have
used a modified isothermal sphere profile, we find that
other profiles such as NFW produce very similar results.
The effect of varying L is also small. This is because
positrons, unlike gamma-rays and anti-protons, travel
only a few kpc before losing their energy. For further dis-
cussion of two-zone diffusion models, see Refs. [7, 24, 25].

To minimize the effects of solar modulation, the

FIG. 2: The positron fraction from annihilation of KKDM
is shown as a function of positron energy. The solid and
dashed lines represent 300 and 600 GeV B(1)s, respec-
tively. The annihilation rate was treated as a free param-
eter, used for normalization. The dotted line represents
the background predicted with no contribution from dark
matter annihilation. The error bars shown are from the
1994-95 and 2000 HEAT flights. The propagation parame-
ters K(Ee+) = 3.3 × 1028(Ee+/1GeV)0.47 cm2/s, b(Ee+) =
10−16(Ee+/1 GeV)2 GeV/s and L = 4kpc were used.

spectrum of cosmic positrons is generally shown as a
“positron fraction”, or the ratio of positrons to positrons
plus electrons at a given energy. We convert our positron
flux to a positron fraction by using the spectrum of sec-
ondary positrons, secondary electrons and primary elec-
trons found in Ref. [4]. This flux (without a dark matter
contribution) constitutes the background to a potential
signal.

The positron fraction predicted from KKDM annihila-
tion is shown as a function of positron energy in Fig. 2.
The level-one KK spectrum was assumed to be almost
degenerate although we found only very slight variation
for a spectrum including the effects of radiative correc-
tions [13]. Comparing our results to the measurements of
the 1994-95 and 2000 HEAT flights, it is clear that above
7-8 GeV the background-only curve fails to match the
data while KKDM annihilation can provide a reasonably
good fit to the data.

With substantial uncertainties in the propagation pa-
rameters, it is important to consider the effect of varying
these quantities on the positron spectrum. In Fig. 3, we
show the positron fraction for mB(1) = 300 GeV with
various choices of the diffusion constant and energy loss
rate.

To compare our propagation model and parameters
with those used in other studies, we remark on two other
collaborations’ treatment of this problem. First, Edsjö
and Baltz [7] used a considerably lower diffusion con-
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FIG. 3: PAMELA positron fraction with other experimental data. The positron fraction

measured by the PAMELA experiment compared with other recent experimental data[24, 29, 30,

31, 32, 33, 34, 35]. One standard deviation error bars are shown. If not visible, they lie inside the

data points.

a shower tail catcher scintillator (S4) and a neutron detector. The ToF system provides

a fast signal for triggering the data acquisition and measures the time-of-flight and ioniza-

tion energy losses (dE/dx) of traversing particles. It also allows down-going particles to

be reliably identified. Multiple tracks, produced in interactions above the spectrometer,

were rejected by requiring that only one strip of the top ToF scintillator (S1 and S2) layers

registered an energy deposition (’hit’). Similarly no hits were permitted in either top scintil-

lators of the AC system (CARD and CAT). The central part of the PAMELA apparatus is
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FIG. 2: The positron ratio assuming background only as cal-
culated by Galprop for the 3 propagation models described
in the text, DC (solid), DR (long dashed) and DRB(short
dashed). The central thick lines assume an electron spectral
spectrum Φe−(E) ∝ E−3.15 whereas the thinner lines above
and below show the affect of varying the electron spectrum
by Φe−(E) ∝ E−3.5 and E−2.8, respectively, within the range
as determined by Table I. The data is taken from the recent
PAMELA observations [1].

the choice of profile, since most energetic positrons arrive
from our galactic neighborhood, of order 1 kpc, where
the dark matter density is not nearly as uncertain as it
is in the galactic center. The precise local average dark
matter density is itself subject to uncertainties. Since
this is a simple scaling of the signal, we will fold this
uncertainty into the boost factor. But of course it should
be remembered that, for example, a boost factor of 4
could be equivalently obtained by scaling ρ8.5 up by a
factor of 2, which is within the uncertainties [53, 55].

In addition to annihilation within the smooth dark
matter halo, it has been suggested that indirect signals of
dark matter annihilation could be boosted due to a large
degree of clumpiness in our halo. Such clumps of dark
matter may be a remnant of the hierarchical build-up of
galactic halos from small to large (e.g. [56]). In particu-
lar, if the Earth happens to be near a dense dark matter
clump, annihilation signals may be enhanced, though this
does seem to be a probable scenario. Recent many body
simulations show that though a boost factor of order a
few is possible, while a boost exceeding of order 20 in the
positron signal appears unlikely [57].

The basic physics that leads to a positron flux from
dark matter annihilation is twofold: First, dark matter
annihilates into SM matter. The annihilation could pro-
ceed directly into e+e−, or into for example µ+µ−, which
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FIG. 3: The positron fraction from a 100 GeV Dirac dark
matter particle that annihilates to right handed electrons.
Three propagation models are plotted: DC (solid), DR (long
dash), and DRB (short dash), as well as the uncertainty due
to variation of the electron spectral slope. No boost factor
was employed for this figure. Within the present astrophysi-
cal uncertainties, the PAMELA data can be explained so long
as the electron spectrum is quite steep, Φe− ∝ E−3.5, corre-
sponding to the top of the shaded blue band.

then decays into electrons and positrons. Earlier analy-
ses with pre-publication PAMELA data (e.g. [9]) suggest
that the annihilation channels W+W−, bb̄, qq̄ are not
nearly as favorable as directly into e+e− or "+"−, given a
velocity-independent annihilation cross section and min-
imizing boost factors. We used DarkSUSY [58] to obtain
the (at-source) energy distributions of positrons from an-
nihilation into muons and taus.

The second component of a positron signal is the prop-
agation of a positron with a given energy from where it
was created to Earth. We propagate the signal positrons
using Galprop for the three propagation models described
above in the previous subsection.

Our results are shown in a series of figures. We begin
with a Dirac dark matter candidate that couples only
to right-handed electrons. This benchmark model max-
imizes the signal. Indeed, as can be seen in Figure 3,
the PAMELA data lie within the uncertainty band of
the expected signal, though fitting the data would re-
quire a rather steep electron spectrum, a hypothesis that
will be surely be tested by PAMELA itself as well as
Fermi/GLAST. It should be stressed that in Figure 3
we use an annihilation cross section given by Eq. (10)
which matches the relic abundance calculation. Within
the present astrophysical uncertainties, we find no boost
factor is required to explain the preliminary data. The
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*  Kinematics

Annihilation into a mediator φ 
light enough such that it 
decays dominantly into leptons.

To avoid anti-protons, typically
  mφ < 1 GeV.  
To get leptons, 
  mφ < few-200 MeV.
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FIG. 3: The annihilation diagrams χχ → φφ both with (a) and without (b) the Sommerfeld enhancements.

dark sector have a mass ∼ GeV. Without any special symmetries, there is no reason for any of these particles to be

exactly stable, and the lightest ones can therefore only decay back to standard model states, indeed many SM states

are also likely kinematically inaccessible, thus favoring ones that produce high energy positrons and electrons. This

mechanism was first utilized in [18] to generate a large positron signal with smaller π0 and p̄ signals. Consequently, an

important question is the tendency of φ to decay to leptons. This is a simple matter of how φ couples to the standard

model. (A more detailed discussion of this can be found in [29].)

A scalar φ can couple with a dilaton-like coupling φFµνFµν , which will produce photons and hadrons (via gluons).

Such a possibility will generally fail to produce a hard e+e− spectrum. A more promising approach would be to mix

φ with the standard model Higgs with a term κφ2h†h. Should φ acquire a vev 〈φ〉 ∼ mφ, then we yield a small mixing

with the standard model Higgs, and the φ will decay into the heaviest fermion pair available. For mφ
<∼ 200 MeV

it will decay directly to e+e−, while for 200 MeV<∼ mφ
<∼ 250 MeV, φ will decay dominantly to muons. Above that

hadronic states appear, and pion modes will dominate. Both e+e− and µ+µ− give good fits to the PAMELA data,

while e+e− gives a better fit to PAMELA+ATIC.

A pseudoscalar, while not yielding a Sommerfeld enhancement, could naturally be present in this new sector. Such

a particle would typically couple to the heaviest particle available, or through the axion analog of the dilaton coupling

above. Consequently, the decays of a pseudoscalar would be similar to those of the scalar.

A vector boson will naturally mix with electromagnetism via the operator F ′
µνFµν . This possibility was considered

some time ago in [39]. Such an operator will cause a vector φµ to couple directly to charge. Thus, for mφ
<∼ 2mµ

it will decay to e+e−, while 2mµ
<∼ mφ

<∼ 2mπ it will decay equally to e+e− and µ+µ−. Above 2mπ, it will decay

40% e+e−, 40%µ+µ− and 20%π+π−. At these masses, no direct decays into π0’s will occur because they are neutral

and the hadrons are the appropriate degrees of freedom. At higher masses, where quarks and QCD are the appropriate

degrees of freedom, the φ will decay to quarks, producing a wider range of hadronic states, including π0’s, and, at

suitably high masses mφ
>∼ 2 GeV, anti-protons as well [63]. In addition to XDM [17], some other important examples

of theories under which dark matter interacts with new forces include WIMPless models [40], mirror dark matter [41]

and secluded dark matter [42].

Note that, while these interactions between the sectors can be small, they are all large enough to keep the dark

and standard model sectors in thermal equilibrium down to temperatures far beneath the dark matter mass, and (as

mentioned in the previous section), we can naturally get the correct thermal relic abundance with a weak-scale dark

matter mass and perturbative annihilation cross sections. Kinetic equilibrium in these models is naturally maintained

down the the temperature T ∼ mφ [43].

IV. A NON-ABELIAN Gdark: INTEGRAL, DIRECT DETECTION AND DAMA

Up to this point we have focused on a situation where there is a single force-carrying boson φ, whether vector or

scalar. Already, this can have significant phenomenological consequences. In mixing with the standard model Higgs

Arkani-Hamed et al
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FIG. 3: The annihilation diagrams χχ → φφ both with (a) and without (b) the Sommerfeld enhancements.

dark sector have a mass ∼ GeV. Without any special symmetries, there is no reason for any of these particles to be

exactly stable, and the lightest ones can therefore only decay back to standard model states, indeed many SM states

are also likely kinematically inaccessible, thus favoring ones that produce high energy positrons and electrons. This

mechanism was first utilized in [18] to generate a large positron signal with smaller π0 and p̄ signals. Consequently, an

important question is the tendency of φ to decay to leptons. This is a simple matter of how φ couples to the standard

model. (A more detailed discussion of this can be found in [29].)

A scalar φ can couple with a dilaton-like coupling φFµνFµν , which will produce photons and hadrons (via gluons).

Such a possibility will generally fail to produce a hard e+e− spectrum. A more promising approach would be to mix

φ with the standard model Higgs with a term κφ2h†h. Should φ acquire a vev 〈φ〉 ∼ mφ, then we yield a small mixing

with the standard model Higgs, and the φ will decay into the heaviest fermion pair available. For mφ
<∼ 200 MeV

it will decay directly to e+e−, while for 200 MeV<∼ mφ
<∼ 250 MeV, φ will decay dominantly to muons. Above that

hadronic states appear, and pion modes will dominate. Both e+e− and µ+µ− give good fits to the PAMELA data,

while e+e− gives a better fit to PAMELA+ATIC.

A pseudoscalar, while not yielding a Sommerfeld enhancement, could naturally be present in this new sector. Such

a particle would typically couple to the heaviest particle available, or through the axion analog of the dilaton coupling

above. Consequently, the decays of a pseudoscalar would be similar to those of the scalar.

A vector boson will naturally mix with electromagnetism via the operator F ′
µνFµν . This possibility was considered

some time ago in [39]. Such an operator will cause a vector φµ to couple directly to charge. Thus, for mφ
<∼ 2mµ

it will decay to e+e−, while 2mµ
<∼ mφ

<∼ 2mπ it will decay equally to e+e− and µ+µ−. Above 2mπ, it will decay

40% e+e−, 40%µ+µ− and 20%π+π−. At these masses, no direct decays into π0’s will occur because they are neutral

and the hadrons are the appropriate degrees of freedom. At higher masses, where quarks and QCD are the appropriate

degrees of freedom, the φ will decay to quarks, producing a wider range of hadronic states, including π0’s, and, at

suitably high masses mφ
>∼ 2 GeV, anti-protons as well [63]. In addition to XDM [17], some other important examples

of theories under which dark matter interacts with new forces include WIMPless models [40], mirror dark matter [41]

and secluded dark matter [42].

Note that, while these interactions between the sectors can be small, they are all large enough to keep the dark

and standard model sectors in thermal equilibrium down to temperatures far beneath the dark matter mass, and (as

mentioned in the previous section), we can naturally get the correct thermal relic abundance with a weak-scale dark

matter mass and perturbative annihilation cross sections. Kinetic equilibrium in these models is naturally maintained

down the the temperature T ∼ mφ [43].

IV. A NON-ABELIAN Gdark: INTEGRAL, DIRECT DETECTION AND DAMA

Up to this point we have focused on a situation where there is a single force-carrying boson φ, whether vector or

scalar. Already, this can have significant phenomenological consequences. In mixing with the standard model Higgs
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FIG. 1: Contours for the Sommerfeld enhancement factor S as a function of the mass ratio mφ/mχ and the coupling constant

λ, vrms = 150 km/s.

yield a promising signal for upcoming CMB polarization observations, including Planck. However, we emphasize that

saturation of the cross section at low v avoids the runaway annihilations discussed by [32].

III. MODELS OF THE SOMMERFELD FORCE AND NEW ANNIHILATION CHANNELS

What sorts of forces could give rise to a large Sommerfeld enhancement of the dark matter annihilation? As we

have already discussed, we must have a light force carrier. On the other hand, a massless particle is disfavored

by the agreement between BBN calculations and primordial light element measurements [37], as well as constraints

from WMAP on new relativistic degrees of freedom [38]. Thus, we must have massive degrees of freedom, which are

naturally light, while still coupling significantly to the dark matter. There are three basic candidates.

• The simplest possibility is coupling to a light scalar field, which does give rise to an attractive interaction.

However, given that we need an O(1) coupling to the DM fields, this will typically make it un-natural for the

scalar to stay as light as is needed to maximize the Sommerfeld enhancement, unless the dark matter sector

is very supersymmetric. This can be a challenge given that we are expecting the dark matter to have a mass

O(TeV). Consequently, the natural scale for a scalar which couples to it would also be O(TeV), although this

conclusion can be evaded with some simple model-building.

• The scalar could be naturally light if it is a pseudo-scalar π with a goldstone-like derivative coupling to matter

1/FJµ∂µπ. This does lead to a long-range spin-dependent potential of the form V (#r) = 1
r3 (#S1 · #S2−3#S1 · r̂#S2 · r̂),

but the numerator vanishes when averaged over angles, so there is no long-range interaction in the s-wave and

hence no Sommerfeld enhancement.

• Finally, we can have a coupling to spin-1 gauge fields arising from some dark gauge symmetry Gdark. Since

the gauge fields must have a mass O(GeV) or less, one might worry that this simply begs the question, as the

usual explanation of such a light gauge boson requires the existence of a scalar with a mass of O(GeV) or less.

However, because that scalar needn’t couple directly to the dark matter, it is sufficiently sequestered that its

Arkani-Hamed et al



WIMPonium

• C: New annihilation channels. While the two previous mechanisms have already been
discussed at some length in the literature [20, 21], a third possibility - namely the
enhancement due to new annihilation channels - has not been widely noticed.1 Specif-
ically, we refer to the new recombination process (see Fig. 1),

recombination : ψ + ψ → (ψ − onium) + V, (17)

(and similarly for φ) which is kinematically open even in the limit Eψ → 0 if the
condition (2) is satisfied. The subsequent fate of the ψ-onium state is very different
within the early Universe during freeze-out as compared to the galactic environment.
In the halo, every ψ-onium that is formed via the process (17) decays further to two or
three V -bosons. During freeze-out, however, the annihilation rate of ψ-onium into V ’s
is strongly inhibited by thermal break-up, ψ-onium + V → 2ψ. One can easily show
that in the latter case the efficiency of annihilation, Br = Γannih/(Γannih + Γbreak−up), is
much smaller than one. Thus, effectively only when the temperature drops below the
binding energy does the process (17) serve as a new annihilation channel and, as we
are going to see shortly, indeed dominate the annihilation rate in the galactic halo.

When the recombination process (17) is kinematically allowed according to (2) – which
for mψ ∼ 500 GeV and α′ fixed according to (8) requires mV <∼ 50 MeV – the rate can be
computed by generalizing the corresponding calculation for positronium to a finite vector
mass mV . Retaining only the direct recombination to the ground state of WIMP-onium, we
arrive at a recombination rate that is independent of the spin of the annihilating particles.
Assuming once again that mV $ ∆pψ(φ) ∼ mψ(φ)vh, which is the range of parameters relevant
here, we find

σv|+−

rec =
210π2(α′)2

3 exp(4)m2
ψ(φ)

(

vV (3 − v2
V )

2

) 〈

α′

v

〉

h

, (18)

where vV = [1−4mV /(α′mψ(φ))2]1/2 is the velocity of the emitted V boson, which we assume
is not significantly different from 1. Similar WIMP recombination processes were considered
previously is Refs. [16, 23]. The ψ(φ)-onium state will eventually decay to either 2V or 3V ,
with branching ratios of 25 and 75% for the fermionic WIMPs, and to 2V for bosonic dark
matter. Since mψ(φ) is large, the decay rates are rather fast, e.g. Γψ

2V ∼ (α′)5mψ, followed by
the subsequent much slower decays of V → SM states with lifetimes controlled by the small
mixing parameter κ2.

The crucial observation is that this recombinant annihilation process is significantly en-
hanced in the galactic halo relative to the direct decay to 2V which dominates at freeze-out.
Besides the expected α′/v factor, there is an additional well-known enhancement by the large
numerical coefficient in (18). Comparing (18) to (6), we find the enhancement factors for
the cases of fermionic and bosonic dark matter:

N ψ % 20

〈

α′

v

〉

h

, N φ % 10

〈

α′

v

〉

h

. (19)

1Recombination through a Coulomb-like force for a sub-dominant component of dark matter was consid-
ered in [22].
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Figure 1: WIMP annihilation: on the left, the direct decay to two metastable on-shell V ’s, which ultimately
decay to SM states; and on the right, the decay through the formation of a metastable (para) WIMP-onium
state, which occurs with an enhanced rate for non-relativistic WIMPs in the galactic halo.

will explore here, as the vector nature of the mediator has important consequences for the
relative fluxes of different annihilation products.

We assume that the hidden sector is a singlet under the SM gauge group, while carying a
charge under U(1)′. We further assume that U ′(1) is spontaneously broken, and restricting
the discussion to renormalizable couplings, choose a Lagrangian of the following form:

LWIMP+V−portal = LWIMP −
1

4
V 2

µν +
1

2
m2

V V 2
µ + κVν∂µFµν + Lh′. (3)

Here we have retained the mixing of V with the photon field strength Fµν , and combined the
residual Higgs′ terms in Lh′. The simplest form of the WIMP Lagrangian is either a Dirac
fermion or complex scalar charged under U(1)′,

Lf
WIMP = ψ̄(iDµγµ − mψ)ψ + L(∆mψ) fermionic DM, (4)

Lb
WIMP = (Dµφ)∗(Dµφ) − m2

φφ∗φ + L(∆mφ) bosonic DM, (5)

where Dµ = ∂µ + ie′Vµ is the usual covariant derivative in terms of the U(1)′ gauge coupling
e′. The WIMPs ψ or φ will be secluded provided mV < mψ(φ), and for the present discus-
sion the relevant regime will be mV " mψ(φ). In general, one can introduce mass terms
L(∆mψ(φ)) that lift the degeneracy between ψ, φ and their charge-conjugated copies. To be
consistent with U(1)′ gauge invariance the mass splitting has to be proportional to the scale
of spontaneus symmetry breaking, ∆mψ,φ ∼ v′ = mV /e′, which in this paper we choose to be
small. While we note that such a splitting may introduce additional interesting signatures
for direct and indirect detection [14, 15, 16], we leave this issue aside here and treat ψ and
φ respectively as a pure Dirac fermion and a charged scalar.

2.1 Relic Abundance

The dominant annihilation process for determining the relic abundance was discussed in [3].
Provided mV < mψ, the two-step process takes the form (see Fig. 1):

(1) ψ + ψ̄ → on-shell V + V ,

(2) V → virtual γ, Z → SM states.
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Nelson-Spitzer mechanism: Early Decoupling

4

by PAMELA and ATIC. Note that for a thermal relic,
σv is approximately determined by requiring that

nXσv ≈
(

4π3GN (T 4
hid,XY + g∗,XY T 4

γ,XY )
90

) 1
2

. (16)

In a standard WIMP annihilation calculation where all
other particles are in thermal equilibrium with the pho-
tons at decoupling the observed dark matter abundance
today is obtained for

σv ≈ 3× 10−26 cm3

sec
. (17)

In our scenario this is modified by a factor of

σv ≈
F (T 4

hid,XY + g∗,XY T 4
γ,XY ) 1

2

g
1
2
∗,XY T 2

hid,XY

3× 10−26 cm3

sec
. (18)

Note that F is largest when Tγ,XY can be neglected rela-
tive to Thid,XY . The factor F/g

1
2
∗,XY has an upper bound

of about 5 so the upper bound on the annihilation cross
section is approximately

σv < 1.5× 10−25 cm3

sec
. (19)

A larger annihilation cross section would imply an upper
bound on the temperature of the hidden sector which is
below Thid,XY together with some nonthermal produc-
tion process for X particles, such as direct production in
inflaton decay, or the mechanism in ref. [12].

For the sake of concreteness we will focus on the
positron spectrum. The relevant process for positron pro-
duction is XX → Y Y → 2e+e−. We fix the branching
fraction for decays of the intermediary Y particles to elec-
tron positron pairs to unity. The flux at a given point in
the galaxy are found by solving the diffusion equation of
the positron density,

ḟ −K ·%2f − ∂

∂E
(bf) = Q. (20)

where K and b are energy-dependent diffusion and energy
loss coefficients, and Q is the positron source term. The
procedure to obtain the electron spectrum is analogous.
A set of solutions to the diffusion equation in the case
of a static distribution with disappearing flux outside a
cylindrical region are well-known in the literature. A
concise summary appears in [25]. For points near the
solar system, the solution for the positron spectrum is

Φ(E) = B
ve+

4πb(E)
1
2

(ρ#
M

)2
∫ M

E
dE′f(E′)I(λD(E,E′)).

(21)
In this expression B is a dimensionless “boost” factor
that accounts for sub-halo structure, ve+ is the positron
velocity, b(E) is the energy loss coefficient, ρ# is the dark
matter density near the solar system, and I is the halo

function defined in terms of the diffusion length λD. f(E)
is the injection spectrum, given by,

f(E) = σv
dNe+

dEe+
, (22)

where dNe+/dEe+ for our model will be calculated below.
Recall that to leading order the cross-section for

XX → Y Y has temperature dependence σ ∝ T
− 1

2
X . The

temperature cancels with the temperature dependence of
the velocity, vX ∝ T

1
2

X , leaving the product σv tempera-
ture independent to leading order.

We now calculate the positron injection spectrum
dN/dE created by X annihilation. In the galactic frame,
the total energy of the colliding X particles is

√
s = 2M ,

so the ejected relativistic Y particles have the Lorentz
factor

γY = (1− β2
Y )−1/2 =

M

m
. (23)

In the center of mass frame of Y, it decays to
e+e− isotropically and monochromatically. Boosting the
positrons back to the galactic frame yields an energy of

Ee+ =
M

2
−
√

M2 −m2

m

√
m2

4
−m2

e cos θ (24)

where θ is the angle between the Y spatial momentum
and positron spatial momentum. Since the emission of
positrons in the frame of Y is isotropic, the above relation
is readily converted to the injection spectrum by

dNe+

dEe+
=

d cos θ

dEe+

dNe+

d cos θ
, (25)

where dNe+/d cos θ = 1/2. The result is

dNe+

dEe+
=

m

2
√

M2 −m2
√

m2 − 4m2
e

(26)

which is shown in figure 2.
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FIG. 2: The energy spectrum dN/dE of the electrons as a
function of the lab frame energy for M=800GeV, m=200MeV

There are two sets of parameters needed for a calcu-
lation of the observed positron and electron spectrums.



Decaying Dark Matter

Neutralino with R-parity violation (Yin et al)

Models:

Hidden sector gauge boson decays via 
kinetic mixing with U(1)B-L (Chen et al)

SuperWIMP -> SuperWIMP transition 
(Pospelov et al)

More to come...
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FIG. 1: (a) The predicted positron fraction from AH decay via the kinetic mixing with U(1)B−L

(blue line) and U(1)5 (magenta line), compared with the experimental data [13, 14], including the

recent PAMELA results [1]; (b) For U(1)B−L case only, using different sets of parameters in solving

diffusion equation.
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FIG. 2: (a) The predicted (e− +e+) spectrum from AH decay via the kinetic mixing with U(1)B−L

(blue line) and U(1)5 (magenta line), compared with the various observational data [15, 16] includ-

ing the latest ATIC [2] and PPB-BETS [3] results. (b) For U(1)B−L case only, using different sets

of parameters in solving diffusion equation.

results in this letter. For readers who are interested in the details of the calculations should

be referred to Ref. [12] and references therein.

In our numerical calculations we set m = 1200GeV and the lifetime τ = 5×1025 seconds,

and we use the parameter sets that are consistent with the Boron to Carbon ratio (B/C)

and produce the maximal (MAX), medium (MED) and minimal (MIN) positron fluxes [12].

4

(Bounds on long-lived
DM from diffuse 
background photons 
were set long ago...  
Rothstein, GK)

Chen et al
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Figure 7: The upper graph shows the final relic density bound for 2-body radiative decays
with lifetimes in the indicated range. The bound scales linearly with the radiative branching
fraction of the relic Bγ , although a branching ratio different from one does not strongly affect
our bounds. The upper limit on the relic density of ∼ 2 × 10−8 GeV is roughly the critical
density corresponding to ΩXh2 ∼ 1. The lower graph shows the optimal photon detection
energy to obtain the best bound for a given lifetime. This graph is divided at Eγ0 = 30 MeV
with a dotted line to show which instrument provides the diffuse photon background bound for
a given lifetime.
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Ωh2 = 0.1



No LHC data is a boon for speculative theory!

What will survive?

(Next Davis workshop?)


