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The Alpha Magnetic Spectrometer experiment onboard the International Space Station has recently

provided cosmic ray electron and positron data with unprecedented precision in the range from 0.5 to

350 GeV. The observed rise in the positron fraction at energies above 10 GeV remains unexplained, with

proposed solutions ranging from local pulsars to TeV-scale dark matter. Here, we make use of this high

quality data to place stringent limits on dark matter with masses below �300 GeV, annihilating or

decaying to leptonic final states, essentially independent of the origin of this rise. We significantly improve

on existing constraints, in some cases by up to 2 orders of magnitude.

DOI: 10.1103/PhysRevLett.111.171101 PACS numbers: 96.50.sb, 95.35.+d, 95.85.Ry

Introduction.—The Alpha Magnetic Spectrometer
(AMS) collaboration has very recently announced the
results of its first data collected from the International
Space Station [1], consisting of a high precision measure-
ment of the cosmic ray (CR) positron fraction [2]. These
new data provide a confirmation of the rise of this quantity
above 10 GeV, as previously observed by PAMELA [3] and
Fermi [4] (and with earlier hints provided by HEAT [5] and
AMS-01 [6]). Such a rise is not predicted in the standard
scenario, in which CR positrons are mostly produced as
secondary particles, as a result of collisions of CR protons
with the interstellar medium (ISM). Instead, the large
positron fraction seems to require the existence of at least
one additional nearby primary source of high energy posi-
trons. Local pulsars have emerged as the leading astro-
physical candidates [7,8], although it has also been argued
that strong local sources might not actually be needed
when taking into account the spiral structure of the
Milky Way in full 3D propagation models [9] and that
even a secondary production mechanism in the shock
waves of supernovae remnants [10,11] could provide a
viable mechanism to explain the data [12].

A more exotic possibility is that the observed positrons
may be produced in the annihilations or decays of TeV-
scale dark matter (DM) particles. Such scenarios, however,
require unexpectedly large annihilation rates into predomi-
nantly leptonic final states [13–17] and are subject to
significant constraints from CR antiproton, gamma-ray
and synchrotron data [18–25]. Upcoming AMS data may
help to settle this open issue not only by increasing statis-
tics and extending their study to higher energies, but also
by providing high precision measurements of other CR
particle spectra (likely breaking degeneracies in the propa-
gation parameters [26]). Fermi and AMS will also further

constrain any anisotropy in the positron or electron flux
(where current limits are already close to discriminating
between some of the scenarios described above [27,28]).
In this Letter, we do not make any attempt to explain the

origin of the rise in the positron fraction. Instead, we focus
on using the AMS data to derive limits on subdominant
exotic contributions to the observed CR positron spectrum,
in particular from DM with masses below �300 GeV.
While positrons have been used in the past to probe DM
annihilation or decay [29–34], we exploit here, for the first
time, the extremely high quality of the AMS data to search
for pronounced spectral features in the positron flux pre-
dicted in some DM models [35–41]. Much as exploiting
spectral features can significantly improve the sensitivity
of indirect DM searches using gamma rays [42], we dem-
onstrate that the same is true for positrons, despite energy
losses and other complicating factors. We derive limits that
exceed the currently most stringent results on DM annihi-
lation into leptons [43,44] by up to 2 orders of magnitude.
This Letter is organized as follows. We first briefly review
various astrophysical sources of leptons and how they
manifest themselves in the observed CR flux, and then
discuss possible contributions from DM. We continue
with a description of the statistical treatment implemented
here, before moving on to present our main results and
conclusions. In the Supplemental Material [45], we collect
further technical details of our procedure for deriving
limits on a possible DM signal, discussing in particular
the impact of systematic uncertainties in the background
modeling.
Astrophysical origins of cosmic ray leptons.—The origin

of high energy electrons can be traced back to (i) supernova
explosions that accelerate the ISM to produce what are
typically referred to as primary CRs, (ii) inelastic collisions
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of primary CR protons and nuclei with the ISM (resulting
in charged mesons, which decay, producing secondary
electrons and positrons), and (iii) individual sources such
as pulsars that produce e� pairs. The averaged spectrum of
propagated primary CR electrons (originating from many
supernovae) is expected to be harder than that of the
secondary e� component because the primary CR progen-
itors of the secondaries have also experienced propagation
effects; both spectra are well described by power laws, with
spectral indices of about 3.3 to 3.5 (3.7) for primary elec-
trons (secondary e�) at energies above�10 GeV [46]. The
contribution from all galactic pulsars can be approximated
by a power law with an exponential cutoff at high energies,
with a propagated spectral index of 2:0� 0:5 [7,8].

The Galactic magnetic field at scales * 100 pc has a
random and a regular component [47]. As CR leptons
propagate away from their sources, they follow the field
lines and scatter off B-field irregularities. The net effect
can be approximated as a random walk diffusion within a
zone surrounding the Galactic disk [48,49]. Further away
from the disk the magnetic fields become weak, essentially
leading to freely propagating CRs. During their propaga-
tion throughout the Galaxy, electrons and positrons also
experience significant energy losses due to synchrotron and
inverse Compton scattering on the galactic radiation field
and the cosmic microwave background. The impact of
other effects such as convective winds, ionization losses,
or positron annihilation in collisions with matter are not
significant for leptons in the energy range considered here
[49,50] and are, therefore, ignored. We do, however,
include bremsstrahlung emission, diffusive reacceleration,
and solar modulation inside the heliosphere (using the
force-field approximation [51]), which have an impact on
CR e� spectra below 5–10 GeV [52,53].

For the propagation of CR leptons, we use the standard
numerical tool GALPROP v. 54 [54], which includes up-to-
date implementations of the local interstellar radiation field
and galactic gas distribution. These are relevant for both
the production of secondary leptons and energy losses.
GALPROP assumes a diffusion zone with cylindrical sym-

metry within which CRs diffuse and beyond which they
escape. Its scale height, L, and other diffusion parameters,
notably the diffusion time scale and local diffusion prop-
erties, are constrained by observed CR ratios, including
�p=p, B/C, and 10Be=9Be. As reference values, we assume
L ¼ 4 kpc, corresponding to the value best fit by CR data
[55] and favored by radio observations [56], and the stan-
dard default GALPROP assumptions for the local radiation
and magnetic field energy densities, corresponding to
Urad þUB ¼ 1:7 eV cm�3 [54]. For the diffusion zone
scale height, values of L < 2 kpc are in tension with a
combined analysis of CR and gamma-ray data [57], while
increasing L beyond 8 kpc does not significantly alter
our results. (For L ¼ 2, 4, 8 kpc and rigidity R, we adopt
a diffusion coefficient DðRÞ ¼ D0ðR=1GVÞ0:5, with

D0 ¼ 0:81, 1.90, 2.65 (� 1028 cm2 s�1), and Alfvén veloc-
ities 9, 10, 10 km s�1.) The propagation of high-energy
leptons is actually dominated by energy losses rather than
diffusion, implying that more conservative limits would
arise for larger values of the local radiation and magnetic
field energy densities. In our subsequent discussion, we
will allow for an increase of Urad þUB by up to 50% with
respect to the reference value, which is still compatible
with gamma-ray and synchrotron data [56,58].
Positrons from dark matter.—DM particles annihilating

or decaying in the Galactic halo may also contribute to the
CR lepton spectrum, producing equal numbers of positrons
and electrons. For annihilating DM, the injected spectrum
of CR leptons per volume and time is given by Q ¼
1
2 h�við��=m�Þ2dN=dE (divided by 2 if the DM particle

is not self-conjugate), while for decaying DM, this is
instead Q ¼ ���=m�dN=dE, where � is the decay rate.

Here, h�vi is the velocity-averaged annihilation rate, �� is

the DM density, m� is the DM mass, and dN=dE is the

spectrum of leptons produced per annihilation or decay. As
our default choice, we adopt a DM distribution which
follows an Einasto profile [59], normalized to a local
density of ��

� ¼ 0:4 GeV [60,61].

Positrons from DM annihilation or decay typically result
from the decay of �þ (for hadronic final states), or the
leptonic decay of �þ or�þ. Owing to the high multiplicity
of such processes, the resulting eþ energy distribution at
injection (which we take from Ref. [62]) is typically very
soft. If DM annihilates directly into e�, however, these are
produced nearly monochromatically. Even after account-
ing for energy losses from propagation, a very character-
istic spectrum arises in this case, with a sharp edgelike
feature at E ¼ m� (or at E ¼ m�=2 for decaying DM). A

comparably distinct spectral feature arises from the anni-
hilation of Majorana DM into eþe�� final states. Popular
examples for DM models with large annihilation rates into
e� final states include Kaluza-Klein DM [38], while the
supersymmetric neutralino is a possible candidate for pro-
ducing a spectrum dominated by eþe�� final states [40].
(By eþe�� we will always refer to that specific situation,
dominated by photon emission off virtual selectrons ~e. We
assume at least one of the ~e to be degenerate in mass with
the neutralino.)
We illustrate this in Fig. 1 by showing the propagated e�

spectra for various final states and an annihilation rate that
corresponds to the ‘‘thermal’’ cross section of h�vitherm �
3� 10�26 cm3 s�1 (which leads to the correct relic density
in the simplest models of thermally produced DM). As
anticipated, the eþe� and eþe�� final states result in the
most pronounced spectral features—a fact which helps
considerably, as we will see, to distinguish them from
astrophysical backgrounds. For the case of eþe� final
states, we also show how the spectrum depends on our
local diffusion and energy loss assumptions within the
range discussed above. Increasing L enables CR leptons
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to reach us from greater distances due to the larger diffu-
sion volume and, therefore, results in softer propagated
spectra. While the peak normalization of the spectrum
depends only marginally on L, it may be reduced by up
to a factor of�2when increasing the assumed local energy
losses via synchrotron radiation and inverse Compton scat-
tering by 50%. In Fig. 2, we show a direct comparison of
the DM signal with the AMS data, for the case of eþe�
final states contributing at the maximum level allowed by
our constraints (see below) for two fiducial values of m�.

Again, it should be obvious that the shape of the DM
contribution differs at all energies significantly from that
of the background.

Statistical treatment.—We use the likelihood ratio test
[63] to determine the significance of, and limits on, a
possible DM contribution to the positron fraction measured
by AMS. As likelihood function, we adopt a product of
normal distributions L ¼ Q

iNðfij�i;�iÞ; fi is the mea-
sured value, �i the positron fraction predicted by the
model, and �i its variance. The DM contribution enters
with a single degree of freedom (DOF), given by the non-
negative signal normalization. Upper limits at the
95% C.L. on the DM annihilation or decay rate are, there-
fore, derived by increasing the signal normalization from
its best-fit value until �2 lnL is changed by 2.71, while
profiling over the parameters of the background model.

We use data in the energy range 1–350 GeV; the variance
�i is approximated by adding the statistical and systematic

errors of the measurement in quadrature, �i ¼ ð�2
i;stat þ

�2
i;sysÞ1=2. Since the total relative error is always small

(below 17%), and at energies above 4 GeV dominated by
statistics, we expect this approximation to be very reliable.
The binning of the published positron fraction follows the

AMS energy resolution, which varies between 10.4% at
1 GeV and 1.5% at 350 GeV. Although we do not account
for the finite energy resolution of AMS in our analysis, we
have explicitly checked that this impacts our results by no
more than 10%.
As our nominal model for the part of the e� spectrum

that does not originate from DM, henceforth simply
referred to as the astrophysical background, we use the
same phenomenological parametrization as the AMS col-
laboration in their analysis [2]. This parametrization
describes each of the e� fluxes as the sum of a common
source spectrum—modeled as a power law with exponen-
tial cutoff—and an individual power-law contribution
(only the latter being different for the eþ and e� fluxes).
After adjusting normalization and slope of the secondary
positrons such that the overall flux reproduces the Fermi
eþ þ e� measurements [64], the five remaining model
parameters are left unconstrained. This phenomenological
parametrization provides an extremely good fit (with a
�2=DOF ¼ 28:5=57), indicating that no fine structures
are observed in the AMS data. For the best-fit spectral
slopes of the individual power laws, we find �e� ’ 3:1
and �eþ ’ 3:8, respectively, and for the common source
�e� ’ 2:5 with a cutoff at Ec ’ 800 GeV, consistent with
Ref. [2]. Subsequently, we will keep Ec fixed to its best-fit
value.
Results and discussion.—Our main results are the

bounds on the DM annihilation cross section, as shown
in Fig. 3. No significant excess above background was
observed. For annihilations proceeding entirely to eþe�
final states, we find that the thermal cross section is firmly
excluded for m� & 90 GeV. For m� � 10 GeV, which is

an interesting range in light of recent results from direct
[65–69] and indirect [70–72] DM searches, our upper
bound on the annihilation cross section to eþe� is

FIG. 2 (color online). The AMS positron fraction measurement
[2] and backgroundþ signal fit for DM annihilating directly to
eþe�, for m� ¼ 10 GeV and 100 GeV. The normalization of the

DM signal in each case was chosen such that it is barely excluded
at the 95% C.L. For better visibility, the contribution from DM
(lower lines) has been rescaled as indicated.

FIG. 1 (color online). The e� spectrum from annihilating DM,
after propagation, for different annihilation final states, assuming
h�vi ¼ 3� 10�26 cm3 s�1. Solid lines refer to reference diffu-
sion zone (L ¼ 4 kpc) and energy loss assumptions (Urad þ
UB ¼ 1:7 eV cm�3). Dashed (dotted) lines show the effect of a
different scale height L ¼ 8ð2Þ kpc. The dotted-dashed line
shows the impact of increasing the local radiation plus magnetic
field density to Urad þUB ¼ 2:6 eV cm�3.
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approximately 2 orders of magnitude below h�vitherm. If
only a fraction f of DM annihilates like assumed, limits
would scale like f�2 (and, very roughly, h�vitherm / f�1).
We also show, in Fig. 3, the upper bounds obtained for
other leptonic final states. As expected, these limits are
weaker than those found in the case of direct annihilation
to electrons—both because part of the energy is taken away
by other particles (neutrinos, in particular) and because
they feature broader and less distinctive spectral shapes.
These new limits on DM annihilating to �þ�� and �þ��
final states are still, however, highly competitive with or
much stronger than those derived from other observations,
such as from the cosmic microwave background [44] and
from gamma-ray observations of dwarf galaxies [43]. Note
that, for the case of eþe�� final states, even stronger limits
can be derived for m� * 50 GeV by a spectral analysis of

gamma rays [73]. We do not show results for the �bb
channel, for which we nominally find even weaker limits
due to the broader spectrum (for m� ’ 100 GeV, about

h�vi & 1:1� 10�24 cm3 s�1). In fact, due to degeneracies
with the background modeling, limits for annihilation
channels which produce such a broad spectrum of posi-
trons can suffer from significant systematic uncertainties.
For this reason, we consider our limits on the eþe� channel
to be the most robust.

Uncertainties in the e� energy loss rate and local DM
density weaken, to some extent, our ability to robustly
constrain the annihilation cross sections under considera-
tion in Fig. 3. We reflect this uncertainty by showing a band
around the eþe� constraint, corresponding to the range

Urad þUB ¼ ð1:2–2:6Þ eV cm�3, and ��
� ¼ ð0:25–0:7Þ

GeV cm�3 [61,74] (note that the form of the DM profile
has a much smaller impact). Uncertainty bands of the same
width apply to each of the other final states shown in the
figure, but are not explicitly shown for clarity. Other dif-
fusion parameter choices impact our limits only by up to
�10%, except for the case of low DM masses, for which
the effect of solar modulation may be increasingly impor-
tant [53,75]. We reflect this in Fig. 3 by depicting the limits
derived in this less certain mass range, where the peak of
the signal eþ flux (as shown in Fig. 1) falls below a fiducial
value of 5 GeV, with dotted rather than solid lines.
For comparison, we have also considered a collection of

physical background models in which we calculated the
expected primary and secondary lepton fluxes using
GALPROP, and then added the contribution from all galactic

pulsars. While this leads to an almost identical description
of the background at high energies as in the phenomeno-
logical model, small differences are manifest at lower
energies due to solar modulation and a spectral break
[55,76,77] in the CR injection spectrum at a few GeV
(both neglected in the AMS parametrization). We cross-
check our fit to the AMS positron fraction with lepton
measurements by Fermi [64]. Using these physical back-
ground models in our fits, instead of the phenomenological
AMS parametrization, the limits do not change signifi-
cantly. The arguably most extreme case would be the
appearance of dips in the background due to the superpo-
sition of several pulsar contributions, which might conspire
with a hidden DM signal at almost exactly the same energy.
We find that in such situations, the real limits on the
annihilation rate could be weaker (or stronger) by up to
roughly a factor of 3 for any individual value ofm�. See the

Supplemental Material [45] for more details and further
discussion of possible systematics that might affect our
analysis.
Lastly, we note that the upper limits on h�viðm�Þ

reported in Fig. 3 can easily be translated into upper limits
on the decay width of a DM particle of mass 2m� via � ’
h�vi��

�=m�. We checked explicitly that this simple trans-

formation is correct to better than 10% for the L ¼ 4 kpc
propagation scenario and eþe� and�þ�� final states over
the full considered energy range.
Conclusions.—In this Letter, we have considered a pos-

sible dark matter contribution to the recent AMS cosmic
ray positron fraction data. The high quality of this data has
allowed us for the first time to successfully perform a
spectral analysis, similar to that used previously in the
context of gamma ray searches for DM. While we have
found no indication of a DM signal, we have derived upper
bounds on annihilation and decay rates into leptonic final
states that improve upon the most stringent current limits
by up to 2 orders of magnitude. For light DM in particular,
our limits for eþe� and�þ�� final states are significantly
below the cross section naively predicted for a simple

FIG. 3 (color online). Upper limits (95% C.L.) on the DM
annihilation cross section, as derived from the AMS positron
fraction, for various final states (this work), WMAP7 (for ‘þ‘�)
[44], and Fermi LAT dwarf spheroidals (for �þ�� and �þ��)
[43]. The dotted portions of the curves are potentially affected
by solar modulation. We also indicate h�vitherm �
3� 10�26 cm3 s�1. The AMS limits are shown for reasonable
reference values of the local DM density and energy loss rate
(see text), and can vary by a factor of a few, as indicated by the
hatched band (for clarity, this band is only shown around the
eþe� constraint).
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thermal relic. When taken together with constraints on DM
annihilations to hadronic final states from gamma rays [43]
and antiprotons [22], this new information significantly
limits the range of models which may contain a viable
candidate for dark matter with m� �Oð10Þ GeV.

The AMS mission is planned to continue for 20 years.
Compared to the 18 months of data [2] our analysis is
based on, we expect to be able to strengthen the presented
limits by at least a factor of 3 in the energy range of
6–200 GeV with the total data set, and by more in the
likely case that systematics and the effective acceptance of
the instrument improve.

This work makes use of SCIPY [78], MINUIT [79], and
MATPLOTLIB [80]. The research of L. B. was carried out

under Swedish Research Council (VR) Contract No. 621-
2009-3915. T. B. acknowledges support from the German
Research Foundation (DFG) through the Emmy Noether
Grant No. BR 3954/1-1. I. C., C.W., and D.H. thank the
Kavli Institute for Theoretical Physics in Santa Barbara,
California, for their kind hospitality. This work has been
supported by the U.S. Department of Energy.

*lbe@fysik.su.se
†torsten.bringmann@desy.de
‡cholis@fnal.gov
§dhooper@fnal.gov
∥c.weniger@uva.nl

[1] http://www.ams02.org.
[2] M. Aguilar et al. (AMS Collaboration), Phys. Rev. Lett.

110, 141102 (2013).
[3] O. Adriani et al. (PAMELA Collaboration), Nature

(London) 458, 607 (2009).
[4] M. Ackermann et al. (Fermi LAT Collaboration), Phys.

Rev. Lett. 108, 011103 (2012).
[5] S.W. Barwick et al. (HEAT Collaboration), Astrophys. J.

482, L191 (1997).
[6] M. Aguilar et al. (AMS-01 Collaboration), Phys. Lett. B

646, 145 (2007).
[7] D. Hooper, P. Blasi, and P. D. Serpico, J. Cosmol.

Astropart. Phys. 01 (2009) 025.
[8] S. Profumo, Central Eur. J. Phys. 10, 1 (2012).
[9] D. Gaggero, L. Maccione, G. Di Bernardo, C. Evoli, and

D. Grasso, Phys. Rev. Lett. 111, 021102 (2013).
[10] P. Blasi, Phys. Rev. Lett. 103, 051104 (2009).
[11] P. Mertsch and S. Sarkar, Phys. Rev. Lett. 103, 081104

(2009).
[12] For a review, see P. D. Serpico, Astropart. Phys. 39–40, 2

(2012).
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[32] E. A. Baltz and J. Edsjö, Phys. Rev. D 59, 023511 (1998).
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