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Antimatter cosmic rays are used to probe new phenomena in physics, including dark matter annihilation.
We use the cosmic-ray positron fraction spectrum by the Alpha Magnetic Spectrometer, to search for such
an annihilation signal in the Galaxy. We focus on dark matter with mass between 5 GeV and 120 GeV,
producing high-energy electrons and positrons. In these cosmic-ray energies the interplay of multiple
astrophysical sources and phenomena, makes this search highly sensitive to the underlying astrophysical
background assumptions. We use a vast public library of astrophysical models for the cosmic-ray positron
fraction background, to derive robust upper limits on the dark matter’s annihilation cross section for
a number of annihilation channels. This library accounts for different types of cosmic-ray sources and
uncertainties on their distribution in space and time. Also, it accounts for uncertainties on those sources’
output, their injected into the interstellar medium cosmic-ray spectra and for uncertainties on cosmic-ray
propagation. For any given dark matter particle mass and annihilation channel, upper limits on the
annihilation cross section are given by bands that stretch a full order of magnitude in its value. Our work
provides weaker limits compared to earlier results, that are however robust to all the relevant astrophysical
uncertainties. Between 5 GeV and 15 GeV, we find indications for a possible excess flux of cosmic-ray
electrons and positrons. That excess is found for most, but not all of our astrophysical background
parameter space, and its significance can vary appreciably. Further scrutiny is necessary to improve the
understanding of these lower-energy cosmic rays. Finally, we note that even if an excess signal is found in
these energies, the current background uncertainties do not allow us to accurately deduce its underlying

particle properties.
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I. INTRODUCTION

Dark matter has been observed in a variety of astro-
physical systems through its gravitational impact, in scales
from as small as dwarf galaxies to as large as colliding
galaxy clusters [1-13]. In addition, through detailed mea-
surements of the cosmic microwave background (CMB),
we know that dark matter accounts for about 27% of the
critical density in the Universe, corresponding to about
85% of its matter [14—18]. Furthermore, accurate measure-
ments probing big bang nucleosynthesis, the evolution of
structures in the universe, observations on the mass dis-
tribution of different gravitationally collapsed structures
and observations of the Layman-alpha forest, set a strong
preference for what is referred to as “cold dark matter”
[11,14,16,19-29]. However, the nature of dark matter
remains a puzzle, with its mass ranging from 1072? eV
to as large as O(10) My [30-54].
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One class of dark matter candidates includes weakly
interacting massive particles (WIMPs), that were thermally
produced in the early universe through approximately
electroweak scale interactions with Standard Model par-
ticles and a mass very approximately of O(10) GeV-
O(10) TeV [45,47,55-57]. In this paper, we focus on
the lower end of that mass range, probing dark matter
with mass from 5 GeV and up to 120 GeV. For such dark
matter particles we constrain the annihilation cross section
they may have to leptons and to bottom quarks. Bottom
quarks would be the prominent annihilation product for
dark matter in that mass range, if dark matter couples to the
Higgs boson [58]. These dark matter masses are interesting
to search for, also because excesses in gamma rays [59-70]
and in cosmic-ray antiprotons [71-74] have been claimed
to be compatible with WIMPs in that mass range. We use
the most recent measurements of the cosmic-ray positron
fraction, i.e., the ratio of the positron flux over the electron
plus positron flux, versus those particle’s energy; made by
the Alpha Magnetic Spectrometer (AMS-02) on board the
International Space Station [75,76].
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Over the last decades antimatter cosmic-ray measure-
ments have been used to probe possible dark matter
signals [77-81]. Such cosmic rays are produced from
rare inelastic collisions between cosmic-ray nuclei with
the interstellar medium (ISM) gas and are commonly
referred to as secondary cosmic rays. Primary cosmic rays
are instead accelerated in supernova remnant (SNR)
environments. A hypothetical dark matter particle in the
GeV-TeV mass scale annihilating (or decaying) and
producing among other byproducts antimatter cosmic
rays, may give a detectable additional flux in measure-
ments of such particles. This is the focus of this work.
Dark matter particles producing cosmic-ray positrons
could cause a feature in the positron flux and positron
fraction. The qualities of such a feature, depend on the
dark matter particle’s mass, annihilation cross section
and channel, i.e., the fist generation of Standard Model
particles produced from the annihilation event. Dark
matter originated features may be as small as a localized
in energy, to give a few % bump on the positron fraction,
or as wide in energy and large in amplitude as the entire
rising above 5 GeV positron fraction spectrum.

Inversely, using the AMS-02 positron fraction’s rela-
tively smooth spectrum, one can set upper limits on the
annihilation cross section of dark matter particles. That is
done for a range of masses and a variety of annihilation
channels [82-85]. This is the main aim of this paper.

The origin of the rising above 5 GeV positron
fraction spectrum that was first measured by the Payload
for Antimatter Matter Exploration and Light-nuclei
Astrophysics (PAMELA) satellite [86,87], then confirmed
by the Fermi-LAT [88] and further measured with an
unprecedented accuracy by AMS-02 [75,89,90], has been
a subject of great interest. One explanation for the addi-
tional positron flux, is relatively close-by “young” and
“middle-aged” Milky Way pulsars that during their
pulsar wind nebula (PWN) phase converted an appreciable
fraction [0(0.01) — O(0.1)] of their rotational energy
into high-energy cosmic-ray electrons (e¢~) and positrons
(e™) [91-109]. Another explanation is Milky Way SNRs,
that in their first O(10) kyr produced and accelerated
secondary cosmic rays including positrons [110-118]
(see however [119-122]). Furthermore, detailed modifica-
tions on the distribution of cosmic-ray sources and the
propagation of cosmic rays through the ISM [123-125] and
annihilating or decaying dark matter models have been
explored to explain the positron fraction measurement
[102,126—-145]. We assume in this work that the overall
rise of the positron fraction, shown with its AMS-02
measurement in Fig. 1, is not caused by dark matter, but
instead from a more conventional source; a population of
Milky Way pulsars.

Pulsars are localized sources of cosmic-ray electrons and
positrons. Due to their rapid spin-down, pulsars convert
their initial rotational energy into cosmic-ray e® and
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FIG. 1. The fit of a pulsar model from Ref. [109], to the

AMS-02 positron fraction after including the contribution from
25 GeV dark matter that annihilates to bb. On the right y-axis in
units of E3dN/dE where dN/dE is the differential cosmic-ray
flux, we show the solar modulated contribution from primary e~
secondary e*, pulsar e, and et fluxes originating from dark
matter annihilation scaled by some appropriate arbitrary factors
from their best fit normalization to make them well visible. The
secondary, pulsar and dark matter e~ fluxes are not shown since
they are only slightly different due to solar modulation. We also
show the pull [(data — model)/c4y,] distribution of the fit at the
bottom.

subsequently release those e* into the ISM in a compa-

ratively short amount of time." That makes pulsars cosmic-
ray et sources approximately localized both in space and
time. High-energy e® lose rapidly their energy through
synchrotron radiation and inverse Compton scattering as
they interact with the ISM and before reaching us. That
results in an upper-energy cutoff, on the e* spectra from
individual pulsars [96,97,99]. In turn, a population of
pulsars that could collectively explain the rising positron
fraction spectrum, could also give spectral features at the
higher energies where the number of contributing pulsars
is reduced to the point of individual sources dominating
narrow parts of that spectrum [97,99,105,109]. Such
features can then be searched for as in [147]. Similar
arguments can be made for PWNe. However, their expected
higher-energy cutoffs are less sharp by comparison [118].
We use modeled populations of Milky Way pulsars
produced in our earlier work of [109]. In Ref. [109], a
library of publicly available pulsar population models
was created that is in agreement with the cosmic-ray e*
flux spectral measurements from AMS-02 [75,76],

'"The time required for most cosmic-ray e produced around
the PWN environments to be released into the ISM, is at least an
order of magnitude smaller than the propagation time required for
these cosmic rays to reach our detectors [97]. The only exception
would be a very close [O(10) pc] pulsar (see however [146]).
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the CALorimetric Electron Telescope (CALET) [148]
and the DArk Matter Particle Explorer (DAMPE)
telescope [149], as well as the AMS-02 positron fraction
spectrum [90]. As the pulsar’s contribution to the positron
fraction spectrum is not perfectly smooth and with uncer-
tainties, we use a library of models instead of just one
generic parameterization. As we will show, we derive more
conservative and more realistic limits on the dark matter
annihilation cross section.

We note that in the models of Ref. [109], the production
and propagation of the primary electron component
coming from SNRs and the secondary electron and positron
components coming from inelastic collisions of cosmic-ray
nuclei with the ISM gas, were evaluated using GALPROP v54
[150,151]. In our fitting procedure to the AMS-02 data, we
allowed for additional freedoms related to the injection
power-laws of each of these components and each of their
normalization (see Ref. [109] for further details). Instead,
the electrons and positrons originating from the many
thousands of individual randomly located and born local
pulsars with their unique injection power and spectra was
done separately following the prescription of [97,147]. The
propagation codes used for the pulsars and the cosmic-ray
primaries and secondaries are thus not identical. Their
difference lies predominantly on the fact that GALPROP
gives a sophisticated spatial profile for the distribution
of the interstellar radiation field [152,153] (see also [154]
for further updates) and the galactic magnetic field, while
the pulsar propagation code takes a more simplified treat-
ment using and averaged and uniform value for each. This
uniform value is in agreement with the averaged GALPROP
expectations for the local part of the Milky Way, but
neglects any gradients in the energy density of the radiation
field and the magnetic field at the benefit of providing us
the ability to simulate the contribution of thousands of
pulsars in unique locations, of unique ages and injection
properties. To the level that we retain our discussion within
a few kiloparsec (kpc) from the Sun, these gradients are of
small impact to our derived limits.

In Sec. II, we discuss the general methodology of our
approach, including the observations that we use, the
astrophysical background modeling of the positron fraction
and the statistical treatment followed in fitting the data.
We also create mock positron fraction data to answer the
question on the robustness of the positron fraction meas-
urement as a means to study the particle properties of dark
matter. Then in Sec. III, we present the results of searching
for a possible dark matter signal in the positron fraction.
We find that the limits on the annihilation cross section are
not well defined. That is due to the underlying astrophysi-
cal background uncertainties. The annihilation cross sec-
tion limits have a width that is at least one order of
magnitude in the mass range of 5 GeV to 120 GeV that
we study. In addition, we find indications for a possible
excess of 5-15 GeV in cosmic-ray energy e*. That excess

while compatible with a WIMP-scale dark matter signal,
has a significance that varies with the astrophysical back-
ground modeling and is not claimed to be a robust one.
Further scrutiny will be required as cosmic-ray physics
in that energy range improve with future observations.
Moreover, in Sec. III, we perform our mock positron
fraction analysis. We find that if dark matter contributes
to the positron fraction spectrum at the few percent level
within an range spanning several AMS-02 energy bins,
such an excess signal can not be absorbed by the astro-
physical background uncertainties. However, identifying
the exact particle properties of the dark matter particle
responsible for that excess is a a more model-dependent
inquiry. Finally, in Sec. IV, we give our conclusions and
discuss connections to other types of dark matter searches
as well as future prospects.

II. METHODOLOGY

In this section, we describe the energy range of the
AMS-02 positron fraction [e*/(eT + ¢7)] measurement
used in this analysis. We also explain how we construct our
background astrophysical models, which are fitted to the
AMS-02 positron fraction. We then describe the statistical
analysis performed to set upper limits on dark matter
particles annihilating, giving a contribution to the positron
fraction. Finally, we construct positron fraction mock data
based on the AMS-02 sensitivity to test whether a dark
matter signal would be detectable; and how accurately we
would be able to determine the dark matter mass, annihi-
lation channel and cross section by our analysis.

We use astrophysical realizations created within
Ref. [109], as a base to construct our background models
for the positron fraction. We take the ¢~ and e’ fluxes
calculated from these realizations and add a dark matter
contribution. Using these fluxes we perform fits, where we
search for a potential dark matter component to the positron
fraction and compute the 95% confidence level upper limits
on the dark matter annihilation cross section as a function
of mass. These fits are performed using a library of
astrophysical/background realizations.

A. Cosmic-ray data

We use the recently published AMS-02 positron fraction
measurement from [75,76] taken between May 2011 and
November 2017. In Ref. [109], we found that the positron
fraction spectrum sets stronger constraints on sources
of cosmic-ray positrons, compared to the cosmic-ray
positron flux spectrum. This is due to its smaller errors.
Some systematic errors cancel when calculating cosmic-ray
fractions versus cosmic-ray fluxes. We ignore the positron
fraction measurement below 5 GeV, as that energy range
is strongly affected by solar modulation and any dark
matter annihilation signal from an approximately thermal
relic would be hidden within the solar modulation
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modeling uncertainties. Given that there is no publicly
released covariance matrix by the AMS-02 Collaboration
on that measurement, we treat the different energy bins
as uncorrelated and add the systematic and statistical errors
in quadrature.

B. Modeling the background to the dark matter
contribution on the positron fraction

In this work, as signal we refer to a potential annihilating
dark matter contribution on the positron fraction spectrum.
As background we refer to all other astrophysical sources
contributing to the positron fraction. Our modeling of the
astrophysical background is based on Ref. [109]. These
astrophysical realizations contain e~ fluxes from primary
sources i.e., supernova remnants, secondary e* produced
from inelastic collisions of primary cosmic ray nuclei with
the ISM gas and e* from Milky Way pulsars. The main
goal of Ref. [109], was to study the properties of
Milky Way pulsars. Thus, a large number of astrophysical
realizations was created. Those realizations accounted for a
sequence of astrophysical uncertainties, as the stochastic
nature of the neutron stars’ birth in time and location, the
stochasticity in the initial spin-down power of pulsars and
their subsequent time evolution. Also Ref. [109], studied
the fraction of pulsar spin-down power into cosmic-ray e*
and how these injected cosmic rays propagate in the ISM
and the Heliosphere.

In this work we start with the astrophysical/background
realizations from Ref. [109] that were shown to be in good
agreement with the AMS-02 positron fraction [75,76], the
e™ flux [75,76], the total e + e~ flux [75,90], and also
the total e + e~ fluxes from DAMPE [155] and CALET
[148]. The quality of the fit is heavily impacted by the
lowest energies of the positron fraction where the errors
are the smallest. Adding a dark matter e* flux component
that contributes at these low energies can drastically affect
the quality of the fit. Thus, we include in our analysis
astrophysical/background realizations from Ref. [109] that
have a y?/ngor < 2.2 in the positron fraction. This results in
a total of 1020 astrophysical/background simulations, to
account for all the background uncertainties. Some of those
realizations in combination with a dark matter component
may end up giving a much better quality of fit to the
AMS-02 data and can explain the e® observations at
energies where there is no contribution from dark matter.

For the dark matter contribution, we assume a local dark
matter density of 0.4 GeV/ cm? [6,8,9,156], set at 8.5 kilo-
parsec (kpc) from the galactic center. We take the dark
matter halo in the Galaxy to follow a Navarro-Frenk-White
(NFW) profile [157], with a characteristic radius of 20 kpc.
We consider four simplified dark matter annihilation
channels. These are: yy—ete™, yy = pu ™, yy = vt
and yy — bb. The annihilation cross section is set to be free
in our analysis. We focus on low dark matter masses m,

between 5 GeV and 50 GeV for the eTe™ and the u™u~
channels, between 5 and 80 GeV for the t7z~ channel and
between 10 GeV and 120 GeV for the bb one.

We calculate the injected e® production spectra from
these dark matter annihilations using PPPC4DMID [158] and
calculate the final e~ and e™ spectra at the location of the
Sun using GALPROP v54 [150,151]. The dark matter e*
spectra are propagated through the ISM using the same 12
alternative propagation models as those defined in Table II
of Ref. [109]. Every time that we test for a potential dark
matter signal in the AMS-02 data, we make sure that the
hypothetical dark matter e* flux, is evaluated under the
same propagation conditions as its relevant astrophysical
background. The 12 ISM models account for different
choices on the thickness of the zone within which cosmic
rays diffuse before escaping the Milky Way, how that
diffusion depends on the cosmic-ray energy and finally for
the energy losses of the cosmic-ray e® within the local
volume of the Milky Way. This combination of ISM models
encompasses the relevant astrophysical uncertainties within
O(kpc) from the Sun [70,81,159]. For more details we refer
the reader to Sec. ILE of Ref. [109]. In each astrophysical
background, we add a dark matter contribution by choosing
a specific annihilation channel and a specific mass and
construct our final astrophysical + dark matter model.
Given the different choices for the particle dark matter
properties, we simulate 64 different combinations of
annihilation channel and mass for each of the 1020
astrophysical backgrounds (65280 fits in total). The anni-
hilation cross section is left as a free parameter to be set by
the fit to the data. These final ISM e~ and e* spectra
include the contribution of primary cosmic rays, secondary
cosmic rays, cosmic rays from pulsars and from dark
matter annihilations. We also propagate each of the ISM
cosmic-ray spectra to the location of the Earth and account
for solar modulation. That is done following the prescrip-
tion of [160], where the modeling of the time, charge
and energy dependence of solar modulation is accounted
for by two fitting parameters, set within a range suggested
by [161,162]. That same procedure was followed in
Ref. [109]. The associated Bartels’ Rotation numbers—
relevant for the modeling of solar modulation effects—for
the data-taking era are 2426-2514. Alternative approaches
for the solar modulation of cosmic rays as they propagate
within the Heliosphere exist; as for instance the numerical
codes of HELMOD [163,164] and SOLARPROP [165] (see also
[166—172]). Given the wide range for the values of the solar
modulation fitting parameters (given in Table I), the exact
treatment of solar modulation does not bias our results.

C. Statistical analysis

When we fit the astrophysical/background models to the
AMS-02 positron fraction we have seven parameters. These
account for the cosmic-ray primary e~ flux, the secondary
e* flux and the pulsar e* flux normalizations, that each has
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their own uncertainty (see e.g., [173]). We include two
parameters to allow for a spectral softening/hardening of
the cosmic-ray primary and secondary spectra; and two
more for the solar modulation modeling. Once adding
the dark matter component we have an additional
(eighth) parameter, that is directly proportional to the
fitted annihilation cross section. For a given astrophysi-
cal background, once adding a potential dark matter
component in the fitting procedure, we allowed the other
seven parameters to be free within 50% of their best-fit
value achieved in the background only fit. In
Appendix A we give the full parameter space tested
in our astrophysical and dark matter models and its
subsequent minimization procedure.

We perform a y> minimization, and use a combination
of SciPy’'s [174] LEAST_SQUARES routine from the
OPTIMIZE module and IMINUIT [175,176]. We found that
the fastest minimization is achieved by performing a
few minimization steps with the LEAST SQUARES
routine with high tolerance and finishing the minimiza-
tion with IMINUIT.

In Fig. 1, we show the fit to the positron fraction for one
of our background models with a dark matter component
included. For the dark matter we have taken, m, = 25 GeV

and the annihilation channel to be yy — bb. One can see all
the relevant contributions from primary e~, secondary e™,
pulsar e*, and et originating from dark matter. The
background only hypothesis gave for this model a
Xoni—o/Mdor = 2-11; while after including dark matter we
got a y3y/Naor = 1.15. ngor is the number of degrees of
freedom. The pull of the fit, which is (data — model) /6y,
is also shown at the bottom of the figure.

The dark matter mass range that we study in this
work, contributes at the lower energies and has no effect
on the higher energies where the spectrum is dominated
by the local pulsar population. Also, other than the
xx — eTe” annihilation channel, the dark matter com-
ponent cannot produce sharp peaks in the positron
fraction that could explain features like the one we
identified in Ref. [109] and studied in Ref. [177] at
~ 12 GeV. We find that statement to be true for every
astrophysical/background model. Moreover, we note that
the treatment of solar modulation can not cause sharp
spectral features as the 12 GeV one, which spans only
five AMS-02 data points or equivalently an energy range
of approximately 3 GeV.

In order to derive upper limits on the dark matter
annihilation cross section, presented as (ov), we use a
likelihood ratio test. The null hypothesis is that there is no
dark matter contribution and we just have the astrophysical
background, i.e., seven fitting parameters with (ocv) = 0.
The alternative hypothesis is that there is some contribution
from dark matter annihilation with annihilation cross
section (times velocity, thermally averaged) (o), i.e., eight
fitting parameters. We rely on Wilks’ theorem [178], and

use the statistic LR = —2log A(= y* difference), with A
the likelihood ratio of the null (background only) hypoth-
esis over the alternative dark matter 4+ background hypoth-
esis. This is distributed according to a y2-distribution with v
degrees of freedom, where v is the difference of fitting
parameters between the two hypotheses models. In our
case, we have v = 1. However, that would give a naive
estimate of the p-value since the null hypothesis corre-
sponds to the case (ov) = 0, i.e., it lies on a boundary of
our parameter space. This problem can be overcome
by using Chernoft’s theorem [179]. The LR follows a
%5(x) + % x? distribution (half chi-square distribution) with
one degree of freedom [180]. This means that the p-value is
reduced by half compared to the naive estimate.

Following the standard convention in the literature,
we can deduce 95% upper limits on (ov) for each
astrophysical background at a fixed annihilation channel
and dark matter mass. This is done by scanning over (6v),
computing the y? profile and finding at which value of
(ov) we have ypy = xbwo + 2.71. This corresponds to
the 95% upper limit of a half chi-square distribution
with one degree of freedom. Because we have multiple
masses, we essentially have a 2D grid of masses and cross
sections where we compute the y? profile and draw the
contour where the y3,, increased by 2.71 from y3,,_,. At
each point of the grid the rest of the background nuisance
parameters are optimized such that the y? is minimum.
This contour is the 95% upper limit on the dark matter
annihilation cross section as a function of the mass. This
can be done for each annihilation channel and for each
pulsar background, resulting in each background giving a
different upper limit. We report the combination of those
upper limits.

D. Mock data

In this paper, we produce mock data of the AMS-02
positron fraction. We do that to test whether a dark matter
contribution in the positron fraction would be detectable
and with its properties (mass, annihilation cross section and
channel) correctly identified. We produce these mock data
by taking existing backgrounds and adding a flux compo-
nent from dark matter of specific mass, annihilation
channel and cross section. We then calculate the positron
fraction spectra that the AMS-02 would observe. These
mock spectra include only statistical errors. We treat these
mock spectra as we treated the AMS-02 measurement and
scan them with our background + dark matter models to
see if we can recover the original mass, annihilation
channel and cross section. By keeping only the statistical
errors we are optimistic on the ability of the positron
fraction measurement to help us probe the properties of a
dark matter signal.

For the mock positron fraction spectra we use two
annihilation channels: yy — u™u~ and yy — 77, and
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test four dark matter mass and annihilation cross section
combinations. For the yy — u"u~ channel we have

(@) m, =15 GeV and (ov) =2 x 10720 cm?® 57!,

(b) m, =15 GeV and (o6v) =5x 107*" cm’s™,

(¢) m, =30 GeV and (ov) =2 x 10727 em® 5™},

(d) m, =30 GeV and (ov) =5x 1072 cm?s™!.
For the yy — 777~ channel we have

(@) m, =15 GeV and (ov) =1x 107 em?s™!,

(b) m, =15 GeV and (6v) =2 x 1072 cm?s™!,

(¢) m, =30 GeV and (ov) =2.5x 107 cm?s™,

(d) m, =30 GeV and (ov) =5x 107" cm?s™".
We use two astrophysical backgrounds to create these mock
data, one for each channel. These two backgrounds are in
agreement with the AMS-02 e* flux, positron fraction
and total et + ¢~ flux measurements, and also with the
DAMPE and CALET total e 4 e~ flux measurements.

In Fig. 2, we show an example of such a mock positron
fraction where there is a contribution from 30 GeV dark
matter particles annihilating to 7"z~ with an cross section
of (6v) =5 x 10727 cm®s~!. We also show a fit to that
mock positron fraction by one of our models and the
original AMS-02 data with a fainter color for comparison to
the mock ones. The errors of the mock positron fraction are
much smaller as we only consider statistical uncertainties.

0.50 10*

T T T
¥ Mock positron fraction with ny = 30 GeV, (¢v) =5 x 1077 cm® ! and yx — t+7~
AMS-02 6.5 yrs positron fraction
Astrophysical model + dark matter fit (x2/140f = 0.87)
-~ Total e

Total et (x 4)
Dark matter et (x 2000)

4102

E3dN /dE [GeV?m~2s Tsr™1]

.
10 100 1000
E[GeV]

FIG. 2. A mock positron fraction created by the combination
of an astrophysical background with a dark matter signal.
We chose an astrophysical background that without the dark
matter contribution gave a good fit to the positron fraction
(¢*/ngor = 1.14). We add the contribution from a 30 GeV dark
matter particle that annihilates to 77z~ with a cross section
of {(ov) =5x 10727 cm®s™!. We show an astrophysical
background + dark matter model fit to the mock positron fraction
and also the total e~, e™ and e™ originating from dark matter
fluxes within that model in the green dashed, blue dotted and
orange dash-dotted lines with the units provided by the right
y-axis. At the bottom, we show the pull distribution of the fit. We
also show with faint gray the real AMS-02 positron fraction
measurements.

Once a mock positron fraction spectrum that includes a
dark matter component is created, we test our ability to
deduce the particle dark matter properties. We scan the
mock positron fraction spectra, by testing the combination
of 100 backgrounds (including the backgrounds used to
create them) with all the 64 combinations for the dark
matter annihilation channel and mass used.

III. RESULTS

A. Upper limits on the dark matter annihilation
cross section

For a given astrophysical background and after fixing the
annihilation channel and dark matter mass m,, we can
calculate a unique limit of the dark matter annihilation cross
section. In this work we show results for the annihilation
cross section times the relative dark matter particles’
velocity (ov) (thermally averaged). In Fig. 3, we show
for the m,, versus (ov) parameter space the quality of x? fits
as “heatmaps”, for the four annihilation channels that we
study. In each case these are evaluated by fixing the
astrophysical background to be one out of the 1020 that
we use as a basis to account for astrophysical modeling
uncertainties. As we have explained in Sec. II C, we allow
for eight fitting parameters. In these heatmaps the Ay? is
evaluated from the case of no dark matter annihilation
(i.e., {ov) = 0). Points with negative Ay?, (given in differ-
ent shades of blue) represent dark matter assumptions for
which we get a better fit to the positron fraction than
without a dark matter contribution. Instead, points with
positive Ay?, (given in different shades of red) represent
dark matter assumptions that are statistically excluded by
the positron fraction data. Our discretized parameter space
shows the grid points that we used to probe the m, versus
(ov) parameter space.

As can be seen from Fig. 3, for each channel and for the
specific astrophysical backgrounds shown, there is a strong
preference for a dark matter contribution to the positron
fraction. This is shown by the dark blue ranges around
which we evaluate the best fit m, and (ov) parameter point
and the 1, 2, and 30 signal significance contours. We also
show the 95% upper limit on (6v) as a function of m,, (in
the solid black lines).2 However, what is shown in Fig. 3
represents only the results coming from one background
for each of the four channels. We find that both the 95%
upper limits and the excess contours depend on the exact
astrophysical background used. That statement is true for
all channels studied and for a wide range of masses.

We discuss first the impact that alternative astrophysical
background assumptions have on the upper limits to the

These upper limit lines are only exact at the centers of our
mass “bins”. It shouldn’t be worrying that the line goes over areas
of negative Ay? (blue) since the algorithm tries to interpolate in
the mass range between our mass “bins”.
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FIG. 3. The y? profiles presented as heatmaps for four different astrophysical backgrounds with the addition of dark matter
annihilating to e* e~ (upper left), 4" u~ (upper right), 7+z~ (lower left) and bb (lower right). In each heatmap we mark the best fit point
with an “x” and draw the 16 (solid), 26 (dashed) and 3¢ (dotted) contours around the best fit point. In the colorbars we show the Ay?
values from fitting just the astrophysical background without the addition of annihilating dark matter. We also show the 95% upper limit
lines on (ov) for each one of these four backgrounds as constructed in Sec. II C. Finally, the dashed magenta lines are the expected (6v)
for a thermal relic from Ref. [55]. The left two plots are with low-energy extrapolated backgrounds while the right two ignore the
low-energy extrapolation (see text for details and also Ref. [109]).

dark matter cross section. By exploring the parameter space  channel and type of background (low-energy extrapolated
we have found that models with similar assumptions forthe ~ or not). That is especially true for the energy losses in
combination of energy losses and diffusion end up giving  agreement with [82]. Changing the assumptions on the ISM
similar upper limits and excess regions in each annihilation ~ energy loss rate, does not dramatically change the shape of
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the dark matter e™ spectra in the energy ranges that we fit.*
However, it does affect the amplitude of these fluxes for a
given mass, cross section and channel. Lower energy losses
allow for the observed e* of dark matter origin to be
sourced from a wider volume of the local Milky Way. Thus,
the dark matter e* flux that reaches us is higher when we
assume lower-energy losses; setting in turn tighter limits on
the allowed dark matter annihilation cross section. Lower
ISM energy-loss rates enhance in amplitude the back-
ground astrophysical flux components as well. Yet, that
enhancement in those fluxes’ amplitude is absorbed in our
analysis as part of the uncertainty in the efficiency of the
underlying background sources, i.e., the assumptions on
the SNRs, pulsars and the ISM gas density. Thus changing
the energy-loss rate assumptions has a residual effect only
on the annihilation cross section limits. Instead, the
assumptions about how fast cosmic rays diffuse have a
much smaller impact on the final dark matter limits.
Similarly, the assumptions of the galactic scale-height have
a very small effect on the cross section upper limits. For a
given dark matter model’s propagated e® spectrum, the
lower the observed energy is, the larger the volume of
origin of those e within the Milky Way. For the dark
matter masses we focus here, different choices on the
diffusion coefficient, diffusion index and scale height affect
mostly the propagated spectra at energies below ~ 5 GeV,
that we do not fit due to the large solar modulation
modeling uncertainties. The effects of different diffusion
assumptions on the background fluxes are important if one
fixes all other modeling assumptions; but once marginal-
izing over the rest of those assumptions, the diffusion has a
small effect on how much room there is for an additional
dark matter e* flux component.

Having created heatmaps as those of Fig. 3, testing the
variety of alternative astrophysical assumptions we con-
cluded that instead of using the entire library of 1020
astrophysical background assumptions we can reduce our
analysis to a sample of 60 astrophysical background
models for each annihilation channel (there is some overlap
between channels). All of these 60 backgrounds are within
26 from a y*/ngy = 1 after including dark matter at their
best fit point. Combining different upper limit lines from
different backgrounds for the same channel, we construct
upper limit bands. In Fig. 4, we show these upper limit
bands for our four annihilation channels evaluated from
our 60 astrophysical background models per dark matter
channel.

*For masses m,, ~ 50 GeV and for propagated et of energy up
to 5 GeV, the spectral shapes of the dark matter fluxes studied
here change very little by varying the ISM conditions. At energies
lower than ~ 5 GeV, lower energy losses make the dark matter
spectrum at Earth harder. Given that we focus on relatively light
dark matter, alternative choices on the ISM energy losses have
little impact in the spectral shape (excluding the normalization) of
the dark matter originated fluxes.

The 60 background models include the probed range
of local energy losses, the alternative choices for the
Milky Way’s local diffusion properties, as well as alter-
native assumptions for the pulsars’ flux component at
energies of O(10) GeV. The energy-loss assumptions
affect mostly the e* fluxes of the dark matter component
at energies close to the dark matter mass m,. As the
leptonic channels give dark matter fluxes to e* that are
harder in spectrum than the primary e~ and secondary e*
astrophysical components, the dark matter component
becomes most important in relevant terms at energies
close to ~ m,. As we explained earlier, alternative
choices for energy losses (and to a smaller extend
diffusion) affect that energy range where for a given
mass and annihilation channel the dark matter flux
becomes most relevant. The alternative choices on the
pulsars’ flux component at energies of O(10) GeV are
relevant here for the dark matter masses that we study.
At O(10) GeV many old and distant pulsars contribute
and as a result their contribution depends on a larger
number of assumptions than the contribution of local and
younger pulsars at higher e* energies. We represent that
by breaking our results in Fig. 4, into models “with low-
energy extrapolation” and models “without low-energy
extrapolation”. The low-energy extrapolation back-
grounds give a higher flux from distant and older pulsars.
The cosmic-ray measurements from AMS-02, CALET
and DAMPE probe best the pulsars’ contribution at high
energies. Thus, using a range of assumptions that result in
a wider range of predictions on the more uncertain low-
energy astrophysical e background, is the conservative
way to set limits on annihilating dark matter particles
with mass of 5-50 GeV. In the 60 backgrounds we make
sure to include 30 of the best-fit models from Ref. [109],
where the full parameter space of local Milky Way
properties was probed and models for which after adding
the dark matter component we get high quality fits to
the data.

In Fig. 4, there is a rough order in the values of the
annihilation cross section limits. Our fits show that there
is preference for a higher (6v) when we use bb as our
channel, followed by 7%z, followed by u™p~ and then
e"e”. That is to be expected as the annihilation channels
to more massive Standard Model particles give e* fluxes
that span a wider range and have less prominent spectral
features. This makes the dark matter e* fluxes easier to
conceal within the background fluxes and their modeling
uncertainty.

Another result, is that for the three leptonic channels the
backgrounds with the low-energy extrapolated pulsars’ flux
prefer smaller dark matter masses of the order of 5-10 GeV,
while the backgrounds without the low-energy extrapola-
tion generally prefer higher masses. Following, we explain
first the lower masses results. Backgrounds with low-
energy extrapolation have a higher flux originating from
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FIG. 4. The 95% upper limit bands on the annihilation cross section {(6v) to e™ + e~ (upper left), uu~ (upper right), 777~ (lower left)
and bb (lower right), each from 60 astrophysical backgrounds that sufficiently cover the astrophysical backgrounds parameter space. We
separate the bands that come from backgrounds with (blue) and without (red) low-energy extrapolation and also show the combined
band (hatched). The dashed lines are the expected (ov) for a thermal relic taken from Ref. [55].

pulsars at energies <O(10) GeV." In our multidimensional
parameter space minimization, when pulsars predict a
higher flux at low energies, the positron fraction is fitted
better by a higher flux from dark matter as well. That
counter intuitive statement is due to the large impact the
first few positron fraction data points (at 5-10 GeV) have
on the fit. We remind that the positron fraction error bars at
those energies are the smallest (see Fig. 1). At those low
energies, the secondary positrons provide a prominent flux
component. The secondary cosmic-ray modeling assump-
tions together with those on solar modulation dominate the

*We write at E < 0(10) GeV, instead of E < 10 GeV, as the
low-energy extrapolation that we use for the modeled pulsar e*
flux starts at energies anywhere between 10 GeV and 30 GeV
depending on modeling assumptions.

fit between 5 and 10 GeV. Changing the pulsars’ flux
assumptions at energies bellow O(10) GeV impacts the
secondary positrons and electrons spectra in the entire
energy range of the observed positron fraction. The impact
of this on the dark matter limits is shown in Fig. 4.
Backgrounds with a higher pulsar e* flux prediction at
low energies result also in more room for a localized in
energy dark matter signal. Again the “with low-energy
extrapolation” backgrounds, predict a higher e* flux from
pulsars at energies <O(10) GeV to the “without low-energy
extrapolation”. For the leptonic channels, that give e flux
that peaks in a small energy range as is especially the
case with the yy — eTe™ and yy — u"u~ channels the low-
energy extrapolation backgrounds usually give weaker
limits. We note that for the yy — bb channel, the situation
is different as the dark matter flux spans a wide energy range.
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The cosmic-ray positron fraction has three spectral
features around 12, 21, and 48 GeV that were identified
to be prominent in Refs. [109,177]. For the yy — eTe™
channel, the lower two in energy features have an effect on
our limits. This annihilation channel gives a dark matter e*
flux with a sharp break at energy E < m,. For the back-
grounds without the low-energy extrapolation we see three
mass regions at m, = 10-12 GeV, at m, ~ 20 GeV and at
m,~ 35 GeV where the limits are weaker. Dark matter
particles with mass of 10-12 GeV, give cosmic-ray e* with
energies lower than 12 GeV. Thus, their limits are not
directly affected by the 12 GeV positron fraction feature.
The weakest limits for that mass range are created by
backgrounds with enhanced local ISM energy losses. The
weak limits for the mass region of m, ~20 GeV are
associated to the 12 GeV feature of the positron fraction
measurement and are derived from ISM backgrounds
with conventional local ISM energy losses. The weaker
limits at m, ~ 35 GeV, are associated to the 21 GeV
feature on the positron fraction. Both the blue and red
shaded regions find weaker (ov) limits for m, ~ 35 GeV,
as around 20 GeV in e* cosmic-ray energy their back-
ground predictions are similar.

For the annihilation channel to u*u~, the upper limit
bands show two mass ranges where the limits become
weak, at m110—15 GeV and at m, ~ 30 GeV. Again,
the first mass range is not affected by the presence of
the positron fraction spectral features. The weakest limits
for the 10-15 GeV mass range come from ISM models of
increased local energy losses and for the “without low-
energy extrapolation” background assumption. The weaker
limits for m, ~ 30 GeV, originate from the 12 GeV feature.
The 21 GeV feature has an effect on the highest end of the
shown mass range

For the annihilation channel to t77z~, the upper-limit
bands become weak, in the wide mass range of
m, 10 — 40 GeV. This is similar to what was described
for the yy — u™p~ channel. However, what was two mass
ranges for the ™ u~ has merged into one. The 7777, has a
dark matter e® spectrum less localized in energy than
the utu.

For the yy — bb channel, the limits for backgrounds
without the low-energy extrapolation to the pulsars’
component are almost always weaker for masses
m, < 50 GeV. As we said the bb channel gives a cos-
mic-ray e® flux that spans a wide range. Thus, a suppressed
background positron flux allows for weaker constraints on
the dark matter contribution to the positron fraction. For the
bb channel and for mass m,, of 50-120 GeV, the limits are
roughly the same for the backgrounds with or without the
low-energy extrapolation. For these higher masses the dark
matter originated e* flux is prominent above the energy
range where the extrapolation is used.
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FIG. 5. The combined 95% upper limit bands on (6v) for our

four different annihilation channels. The e*e™, y*p~ and 777~
channel bands are extrapolated up to 120 GeV to match the higher
end of the bb channel mass range. The extrapolated regions are
shown hatched. The black dashed line is the expected (cv) for a
thermal relic from Ref. [55].

In each one of the plots of Fig. 4 we also have the
combined band with and without low-energy extrapolation
as a hatched region. In Fig. 5, we show the four combined
upper limit bands, one for each of our annihilation channels
where we have also extrapolated those bands up to
120 GeV where necessary. We claim at this point that
the upper limits on (ov) from the cosmic-ray positron
fraction, are much more uncertain than previously claimed.
Due to the uncertainties in the astrophysical backgrounds
including the pulsar component, there isn’t a well defined
upper limit line. Instead, we present upper limit bands
evaluated from a collection of viable astrophysical back-
grounds, that each gives a different upper limit line. Our
bands at certain masses can span up to two orders of
magnitude in the constrained parameter (ov), as e.g., for
xx = 'y~ with m, =15 GeV.

B. A possible excess flux of low cosmic-ray
energy positrons

As we show in Fig. 3, for the specific background
astrophysical model used, we can find combinations of
dark matter mass, annihilation cross section and channel,
where there is a significant statistical preference for an
additional dark matter component. In that example, the fit
to the positron fraction improves by a Ay? of up to 40. The
most statistically significant result comes from a yy —
vt with m, = 7.5 GeV and (6v) ~ 1.5 x 10726 ecm? s~
Such a dark matter particle, has similar properties to
those required to explain the galactic center excess in
gamma rays [59-70].
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In this subsection, we further pursue this indication
of a possible dark matter component. We test whether
this is a result of just a specific combination of
astrophysical background assumptions, or a result that
stands to further scrutiny once we allow for a wide
range of astrophysical backgrounds. We use the set of
60 astrophysical background models with all the seven
astrophysical nuisance parameters plus the one related
to the dark matter annihilation cross section as we
described in Sec. II C.

In Fig. 6, we show in a similar manner to Fig. 4, the 2¢
excess contour regions for our four dark matter annihilation
channels. There are 60 overlaid contour regions in each
plot. These excess regions are in agreement with our upper
limit bands. The respective upper limits like the ones
presented in Fig. 3 for a specific background, get weaker
when the excess contours suggest a high annihilation cross
section. Some isolated islands in the cross section versus
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mass space are also observed. These are created by very
few background models and are typically of minor stat-
istical significance. In fact, we find that for some of the
backgrounds used, while there still is some improvement
by adding a dark matter component, that is a small one. In
particular, for 2 out of the 60 background models, by
adding dark matter annihilating to eTe™, or y ", or t7 "
leptons the improvement in Ay? is less than 6. That results
in open 20 contours depicted by light red or blue regions
extending to effectively zero annihilation cross sections.
For dark matter particles annihilating to bb, there are 6
out of the 60 backgrounds where that is the case. This
shows that this “excess” is not always statistically signifi-
cant. However, we note that for most of the tested back-
grounds there is some excess e® flux compatible to that
coming from locally annihilating dark matter. As we will
explain in detail in Sec. Il C, even if indeed this is a dark
matter signal, deducing its particle properties is highly
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In a similar manner to Fig. 4, we show the 2o excess contour regions for the dark matter annihilation cross section versus mass.

The dashed lines are the expected (ov) for a thermal relic taken from Ref. [55].
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challenging. Also, we note that some of the parameter
space suggested by the excess is excluded by limits
from the cosmic microwave background, gamma rays
and antiprotons [17,73,181].

We can not claim and do not claim any robust e* excess
flux between 5 GeV and 15 GeV on the positron fraction
spectrum. We just note that we used background models that
always agree with higher-energy e® observations from
AMS-02, CALET and DAMPE, and that half of the 60
astrophysical background models give (without a dark
matter component) a good quality fit of y?/ngs < 1.3 to
the positron fraction from 5 GeV to 1 TeV. Yet, a > 20
excess for the low-energy cosmic-ray e flux is found for the
great majority of these background models. We also find a
tendency for background models with high local-energy
losses, of dE/dt ~8x 107 GeV~!'kyr™!'(E/(1 GeV))?,
to reduce the significance for that excess component.
Further understanding of the astrophysical, nuclear and
particle physics uncertainties at the 1-20 GeV cosmic-ray
energy range is needed to more accurately model the primary
and secondary production of cosmic rays, as well as
constrain better their propagation properties through the
ISM and the Heliosphere. Finally, having a full knowledge
of the correlated errors on the positron fraction measurement
will be of great benefit to elucidate the AMS-02 observations.
In the absence of such a published result by the AMS-02
Collaboration, we leave this issue of a possible e* “excess”
flux an open question.

C. Ability to detect dark matter in the AMS-02 positron
fraction measurement

In this section, we check if the AMS-02 positron fraction
measurement can be used to probe the properties of a dark
matter component in it. As we describe in Sec. I D, we use
eight combinations of dark matter mass, annihilation cross
section and channel to create mock positron fraction
measurements. These mock positron fraction measure-
ments take also into account the flux predictions from
one specific background per annihilation channel. These
two backgrounds were selected to provide a good fit to
the AMS-02, CALET and DAMPE cosmic-ray lepton
measurements (see Ref. [109]).

We test these mock observations by searching for a dark
matter signal. We first want to test if by adding an excess
signal of dark matter origin we can at the very least identify
its presence, i.e., the presence of an additional term that
doesn’t come from cosmic-ray primaries, secondaries or the
main population of local pulsars. That does not exclude that
an excess flux in low-energy positrons can still be of a more
conventional astrophysical origin as e.g., a collection
of very powerful, nearly simultaneous but old supernova
remnants giving a high flux of e in that range [118], or a
similar collection of very (and atypically) powerful pulsars,
or e* from cosmic-ray activity in the center of the

Milky Way [177]. As a second level question, we want
to see if assuming that excess term is of dark matter origin,
whether we can identify its specific particle physics
properties (mass, annihilation channel and cross section).

We fit each one out of the eight mock data by being
agnostic to both the background and the dark matter signal.
We test all combinations of 100 backgrounds and all dark
matter channels and masses (64 in total). Thus we perform
6400 x 8 such fits. We check whether the combinations of
background & dark matter channels and masses that were
used to create the mock data are statistically significant
against the other combinations. We remind the reader that
the annihilation cross section is let to be free in our fitting
procedure. We find that the astrophysical background is
easily identifiable i.e., we can find which one out of the
100 backgrounds was used to create the mock positron
fraction. We also find that we can at the very least identify
the presence of an additional term contributing to the
positron fraction, i.e., a nonzero annihilation cross section.
When fitting to mock data that originated from a particular
astrophysical background, all the good fits found are
combinations of that background + some dark matter
contribution. However, the properties of that dark matter
component are not easily identifiable. As the astrophysical
background dominates the positron measurement in the
entire energy range it is possible to pick out the underlying
background model used to create the mock data. That is not
the case with the dark matter component that affects the
measurement only in a narrow energy range.

The dark matter annihilation channel is very challeng-
ing to identify. After scanning our mock data, we find that
there is no statistical significance for models that are built
with the original dark matter annihilation channel over the
other three channels. Among the best fits to each mock
data, the fit doesn’t give any preference between different
annihilation channels. Even if a dark matter signal is
present within cosmic-ray e®, we cannot identify the
annihilation channel that produces that signal. For that
reason, we perform an additional test where we fix the
dark matter annihilation channel to the one used to create
each of our mock data.

In Fig. 7, we show the results of scanning our mock data
with only the channels that were used to create them. On
the left we show the results for the yy — p"p~ mock data
and on the right the results for the yy — t7z~ mock data.
For each one of these eight cases we test a combination of
100 backgrounds x17 masses. The maximum number of
empty markers that could exist for each type is 1700. Those
that appear in the plots are the ones within 20 of a
1% /naor = 1, which means y?/ng,; < 1.31. If small clusters
of similar empty markers (best-fit points) form around
the same filled markers (original mock data parameters),
then this points to our ability to correctly identify the dark
matter properties using the positron fraction. We stress that
for these results, we are not being agnostic about the
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Scatter plots of best fit points in our 2D dark matter parameter space of the backgrounds + dark matter models that are within

26 of a y%/ngor = 1. We show results derived after scanning the mock data testing only the same dark matter channel to the one used to

create them. On the left, we show the results for the yy — p*u~ mock data, while on the right, we show the results for the yy —

T,

With filled larger markers we denote the original points, i.e., the dark matter properties that we used to create the mock data. With the
smaller empty markers of the same style, we denote the best fit points derived from scanning those mock data.

annihilation channel. To know the annihilation channel
further input would be required.

For the yy — u"u~ case (left), the results depend on the
mass of the dark matter particle. When the mock data
contain a signal with m,= 15 GeV (red circles and green
squares), we can identify the properties of this signal
relatively well. Our fits give masses and cross sections
very close to the original ones. However, when the mock
data contain a signal with m,= 30 GeV (blue triangles and
magenta diamonds), the signal becomes unidentifiable. Our
fits give masses that span between 5 GeV and 50 GeV
which is our entire tested mass range. Also, the cross
section is very uncertain, spanning more than one order of
magnitude around the original value. For the m, = 30 GeV
case, we used a smaller annihilation cross section to create
the mock data. The presence of such dark matter doesn’t
deform the positron fraction spectrum significantly and
our fitting procedure can adjust all the other astrophysical
background parameters to fit the mock positron fraction
very well. That is why for the more massive cases, the
dark matter signal becomes unidentifiable. For the
m, = 30 GeV mock data, we picked the lower annihilation
cross sections to " u~, compared to the m, = 15 GeV, as
the relevant limits presented in Fig. 4, are stronger for the
30 GeV mass.

For the yy — t77~ case (right), it is much harder to
identify the dark matter properties even when the mass is
15 GeV. When m,= 15 GeV the cross sections that we
decided to use to produce the mock data, deforms the
positron fraction too much in the lowest energies where
the error bars are the smallest. Our fits cannot adjust the

astrophysical background parameters enough to fit this
deformation. The end result is that for (ov)=
1 x 1072 cm?s™! (red circles), no fits survive within 2o,
while for (ov) =2 x 1072 cm3 s™! (green squares), only 3
fits are within 20. These 3 fits however fall around the
original mass and the cross section that was used to create
the mock data so our signal is identifiable within some
uncertainty. When m,= 30 GeV, the results are similar to
the yy — u"u~ case and the mass and annihilation cross
section of the dark matter particle are completely uniden-
tifiable for the same reasons.

IV. DISCUSSION AND CONCLUSIONS

In this paper we have used the most recent positron
fraction measurement from AMS-02 to set upper limits
on dark matter annihilation cross sections for masses of
5-120 GeV. Most of the electrons and positrons observed by
AMS-02 do not originate from dark matter. Our astrophysi-
cal background modeling relies heavily on our previous
work of Ref. [109]. The astrophysical backgrounds produced
in that work are in agreement with a wide range of cosmic-
ray measurements such as the positron fraction, the positron
flux and the electron plus positron flux.

Our background models account for cosmic-ray primary
electrons and uncertainties in their injection amplitude and
spectrum, cosmic-ray secondary electrons and positrons
and equivalent uncertainties in their injection amplitude
and spectrum. They also include the contribution of
Milky Way pulsars that come with a sequence of uncer-
tainties. Those uncertainties are related to the stochastic
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nature of their (neutron star) birth, distribution in space,
initial spin-down power and the injected into the ISM
cosmic-ray electron/positron fluxes. Pulsars also have a
relatively uncertain time evolution as they spin down and
also poorly determined efficiency in converting their
rotational energy into cosmic-ray electrons and positrons.
All these uncertainties are accounted for in our back-
ground simulations. Finally, we test a sequence of
alternative modeling assumptions on how cosmic-ray
electrons and positrons propagate through the ISM and
the Heliosphere, before reaching the AMS-02 detector. In
these background models we added a contribution from
annihilating dark matter.

We study four different annihilation channels. These are
= ete yy = ptu, yy — v and yy — bb. We use
a discretized grid of dark matter masses m, and test them
over our large sample of astrophysical backgrounds. In our
analysis the annihilation cross section, in units of (cv) is
treated as a free parameter. We derive upper limits on (6v)
as a function of m,, for each annihilation channel which are
summarized in Fig. 5.

We find that each valid astrophysical background that
explains the AMS-02 data well, gives different upper limits
on (ov). Therefore, we claim that the correct upper limits
are not lines but bands spanning roughly one order of
magnitude for each annihilation channel. We also find
that the limits become stronger or weaker depending on the
dark matter particle mass, and that this, in the yy — e"e™
channel, has to do with low-energy spectral features in the
positron fraction. To a weaker extend a similar trait exists
for the yy — utu~ and yy — 77~ channels. Instead, the
limits derived for the yy — bb case are fairly insensitive to
the existence of low-energy features in the positron fraction
spectrum. We believe that a better understanding of the
secondary production of cosmic rays in our Galaxy and
solar modulation will help us to further refine these
dark matter upper limits and reduce the widths of the
presented bands. Modeling improvements as for instance
those in [164,172] will be a step in the right direction.

Furthermore, we note that in the great majority of the
astrophysical backgrounds that we use which are compat-
ible with the e® observations by AMS-02, CALET and
DAMPE, we still find preference for an additional cosmic-
ray component. That component of 5-15 GeV e* is
compatible with a dark matter contribution. However, its
statistical significance varies between backgrounds and in a
small fraction among them the preference for dark matter
becomes negligible. We do not think that “excess” to be
robust due to astrophysical background modeling uncer-
tainties. The AMS-02 error bars at the low end of the
energy range that we use are of the order of 0.5%. That is
why the presence of a dark matter flux that contributes at
the few percent level to the positron fraction can have a
significant impact while fitting to the data. With future
cosmic-ray measurements as for instance AMS-02 or an

even more sensitive future cosmic-ray detector [182],
we will be able to reduce these uncertainties and further
scrutinize the positron fraction at that energy range.
Additionally, we created mock data of the AMS-02 positron
fraction to check whether we could detect a dark matter signal
contributing to its spectrum and also identify that signals’
particle physics properties. We find that if dark matter
contributes approximately 2-3% of the positron fraction in
at least a few low-energy bins, we would be able to recognize
the presence of some additional term in the AMS-02 data.
However, determining the annihilation channel of such a
signal is very challenging. If in such an analysis we allow for
knowledge of the underlying annihilation channel, then for
certain masses it is possible to accurately identify the dark
matter properties of our injected mock dark matter signal.
We find that for dark matter annihilating to ptu~,
for masses m, ~ 15 GeV and cross sections (ov) ~
1072 cm®s~!, we can identify the properties of mock
signals within some statistical uncertainty. For larger dark
matter masses, the properties of the mock signals to p*pu~
become more challenging. For dark matter annihilating

to 777, we find that for masses m, ~ 15 GeV and cross

sections of the order of ~ 1 x 1072 c¢cm?s~!, it is difficult
to fit to the mock data with our models. For larger masses,
the situation is similar to the 4™~ case where the properties
of the dark matter signal are very uncertain.

We have made publicly available our dark matter fluxes
in their prefitted format for the entire set. These files can be
found at https://zenodo.org/record/7178634. Our astro-
physical background models of Ref. [109], are instead
available at https://zenodo.org/record/5659004.
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APPENDIX A: SUMMARY OF THE FULL
PARAMETER SPACE

In this appendix we present briefly the parameter space
that we test with our astrophysical background models and
provide the ranges that the nuisance parameters are allowed
to take. This parameter space can be seen in Table I. The
last eight parameters in this Table are free fitting parameters
that are optimized while fitting our simulations while the
rest of the parameters are fixed and each astrophysical
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TABLE L

List of parameters in our models. The last eight parameters are free fitting parameters and are optimized in our minimization

procedure. The rest of the parameters are fixed and are different for each astrophysical pulsar background that we use. For more details
on these parameters, refer to Secs. IT and III of Ref. [109]. The last eight parameters are ranges of values while the rest are discreet sets

separated by commas.

Parameter Range
Galactic halo height, z; [kpc] 3.0,55,57,60
Energy-loss rate, b [107® GeV~! kyrs™'] 2.97, 5.05, 8.02

Diffusion coefficient, D, [pc? kyr™']

Diffusion spectral index, &

Pulsar braking index, x

Pulsar characteristic spin-down timescale, 7, [kyr]
Pulsar initial spin-down power cutoff, x

Pulsar initial spin-down power mean, i,

Pulsar initial spin-down power standard deviation, o,
Pulsar cosmic-ray e* injection spectral index, n=

Pulsar mean efficiency 7 and ¢ = 10V¥¥ia¢ of j; in e* pairs

Prim. e~ flux normalization, a from reference value (see Ref. [109])
Sec. e* flux normalization, b from reference value (see Ref. [109])

Pulsar e* flux normalization, ¢

Prim. e~ flux spectral index modifier, d; from reference value (Ref. [109])
Sec. et flux spectral index modifier, d, from reference value (Ref. [109])

Solar modulation parameter, ¢, [GV]
Solar modulation parameter, ¢; [GV]
Dark matter e* flux normalization, f

33.7,51.3, 92.1, 140.2
0.33, 0.40, 0.43, 0.50
2.5,2.75,3.0,3.25, 3.5

0.6,...,33
38.0,...,393
0.1,...,0.6
0.25,...,0.75

Uniform distribution € [1.4,1.9], [1.6,1.7], [1.3,1.5]
(4x1073,1.47), (1 x 1073,2.85), (1 x 1072, 1.29)
0.6-1.2
0.8-2.0
Such that 7- ¢ < 0.5
—-0.2-0.5
—0.1-0.1
0.1-0.6
0.0-2.0
0.0—c0

background model has a unique set of pulsar parameters.
Not all combinations of astrophysical parameters are
allowed based on various observations from pulsars or
cosmic rays. For more details on the properties of the
constructed astrophysical backgrounds and the parameters
describing them, please refer to Secs. II and III of
Ref. [109]. The last eight parameters are presented as
ranges while the rest are discrete sets separated by commas.

APPENDIX B: DIFFERENT STATISTICAL
PROCEDURE

In this appendix, we explore a different statistical method
for setting upper limits to the dark matter annihilation cross
section. In our main analysis, we used a test statistic that
tests the presence of a dark matter signal against the null
hypothesis of purely conventional astrophysical sources
to set our upper limits, i.e., (6v) = 0, which lies at the
boundary of our parameter space. For this, we made use of
Wilks’ [178] and Chernoff’s [179] theorems. We will now
discuss a slightly different approach that as we show gives
similar upper limits. Our combined upper-limit bands are
roughly the same between the two methods.

Alternatively to the main text, we can use the test statistic,

-

LR((60)) = —210g ZUO?)- Onur)

- ; (B1)

L((ov),0)
which is equal to a y? difference. With 6 we denote all the
nuisance parameters of the astrophysical background, while

with hats we denote the parameters that maximize the
likelihood function. According to Wilks’ theorem, this test
statistic follows a y? distribution with one degree of freedom
since now we do not have a hypothesis that lies on the
boundary of our parameter space.

Following the standard convention in literature, we
can deduce a 95% upper limit on the parameter (ov), by
the following procedure. For a fixed annihilation channel

and dark matter mass, we find the parameters (aAv> and 6
that maximize the likelihood function, and then increase
(ov) until the test statistic LR reaches the value 3.84.

Within that procedure, 5max are the values of the
astrophysical nuisance parameters that maximize the
likelihood for a given value of (ow). This method of
profile likelihood is also called the MINOS method in
high-energy physics.

The upper limits with this method appear to be similar to
the ones created with the method of our main analysis for
almost every background. For that reason we include Fig. 8,
where we also show the upper limits with this method for
the backgrounds of Fig. 3. From this figure, we can see that
the upper limits set by this slightly different statistical
methodology that doesn’t rely on Chernoff’s theorem are
similar to the ones of our main analysis. That is true for
every background that we use to construct our upper limit
bands. Therefore we claim that the final combined bands of
Fig. 5 are robust to both astrophysical background uncer-
tainties and also to the statistical treatment of the positron
fraction measurement.
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Similar to Fig. 3, where for the same one background per channel, we show in solid magenta lines the upper limits derived by
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