PROCEEDINGS

oF SCIENCE

[/~ ICRC 2021

) THE ASTROPARTICLE PHYSICS CONFERENCE
x Berlin | German: y

> R " tional
o
L. H e

Cosmic-Ray Positrons Strongly Constrain Leptophilic
Dark Matter

Isabelle John“* and Tim Linden?

“Stockholm University and The Oskar Klein Centre for Cosmoparticle Physics,
Alba Nova, 10691 Stockholm, Sweden

E-mail: isabelle. john@fysik.su.se, linden@fysik.su.se

Cosmic-ray positrons have long been considered a powerful probe of dark matter annihilation.
In particular, myriad studies of the unexpected rise in the positron fraction have debated its dark
matter or pulsar origins. In this work, we instead examine the potential for extremely precise
positron measurements by AMS-02 to probe hard leptophilic dark matter candidates that do not
have spectral features similar to the bulk of the observed positron excess. Utilizing a detailed
cosmic-ray propagation model that includes a primary positron flux generated by Galactic pulsars in
addition to a secondary component constrained by Helium and proton measurements, we produce
a robust fit to the local positron flux and spectrum. We find no evidence for a spectral bump
correlated with leptophilic dark matter, and set strong constraints on the dark matter annihilation
cross-section that fall below the thermal annihilation cross-section for dark matter masses below
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1. Introduction

The AMS-02 experiment provides extremely precise measurements of the flux, composition
and spectrum of the local cosmic-rays [1]. These observations yield new insights into the energetics
of the Galaxy’s most powerful sources, and the properties of Galactic transport. Additionally,
searches for unexpected spectral features can potentially provide evidence for new physics such as
dark matter annihilation.

The AMS-02 experiment and earlier in-
struments have shown an unexpected rise in
the positron flux above 20 GeV.Its dark mat-
ter or pulsar origin has been debated and re-
cently the pulsar explanation has become fa-
vored (e.g. [2-6]). In this work, we attribute the
rising positron flux to pulsars, and instead make
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02 data to calculate strong constraints on dark
matter annihilation into highly-peaked leptonic
final states, which have spectra that are incon- Figure 1: Sketch of the local cosmic-ray positron flux
and its components as considered in this work. At
low energies, secondary positrons are produced from
protons and Helium. At higher eneriges, the flux is
dominated by pulsar contributions. To this background
we add sharply peaked contributions from dark matter
secondary positrons produced by protons and @  that annihilates into leptonic final states.

small amount of Helium nuclei, while at higher

sistent with the overall structure of the rising
positron fraction. A schematic example of such
a positron spectrum is shown in Figure 1: At
low energies, the positron flux is dominated by

energies, most positrons are produced as e*e” pairs by pulsars. Against this background, our
analysis probes a subdominant contribution from annihilating dark matter.

Our work builds on a similar analysis by Bergstrom et al. (2013) [7]. They examine dark matter
models with masses between between 5-300 GeV for annihilations into leptonic final states (7777,
utu~, etey and e*e™). Their strongest limits are obtained for the direct e*e™ channel, where they
set upper limits on the dark matter annihilation cross section of about 10728 cm?/s at 5 GeV and
about 10723 cm?/s at 250 GeV.

In our analysis, we update and improve on the Bergstrom et al. results in three ways: (1) Our
analysis relies on a larger dataset with better statistical precision provided by the latest AMS-02
data [8—11]. (2) We use the cosmic-ray propagation code Galprop [12] to create a full cosmic-ray
propagation model for the positron, proton and Helium. Our fit allows a large variety of parameters,
such as the diffusion and particle injection spectra in the fit to float, while Bergstrom et al. build
their background from a handful of pre-defined Galprop models. (3) We implement a new solar
modulation model [13] that describes the effects on the cosmic-ray particles in the heliosphere more
precisely, rather than approximating the solar modulation by a force-field potential.

The outline is as follows: In Section 2, we describe the methodology of this analysis and explain
the data selection, the computational model, the dark matter model and the statistical analysis. The
results are presented in Section 3, and our conclusions are discussed in Section 4. Further details,
analysis checks, and discussions can be found in the companion paper [22].
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Particle | Energy range [GeV] ‘ Time range ‘ Ref.
Positrons 2 -1000 May 2011 — Nov. 2017 [8]
2-60 Feb. 2015 — May 2017 [9]

Protons
60 — 1800 May 2011 — Nov. 2013 [10]
Helium 2 —-1000 May 2011 — Nov. 2013 [11]

Table 1: AMS-02 data sets used in this analysis. Since our solar modulation model is time-dependent, we
are able to utilize datasets from different time periods.

2. Methodology

Our analysis generally proceeds as follows. To compute the dark matter limits, we perform
a fit of the positron, proton and Helium data from AMS-02 to constrain the parameters of our
astrophysical model in the absence of dark matter. Then we add a dark matter contributions to the
local positron flux and compute the 95% confidence upper limit on the dark matter annihilation
rate. Notably, we allow critical astrophysical parameters to be re-fit for each dark matter mass and
cross-section, producing a more realistic constraint on the dark matter contribution. In the following
sections, the procedure is described in more detail.

2.1 Data Selection

For our analysis, we use the recently published AMS-02 data for positrons, protons and Helium
as summarized in Table 1. Since protons and Helium produce a large part of the positron flux, we
include protons and Helium in the astrophysical model to obtain more realistic constraints on the
model parameters, while the dark matter constraints only directly depend on the positron flux. For
protons, we combine two different data sets — at lower energies, we select only data from after the
polarity flip of the solar magnetic field to reduce uncertainties from the solar modulation.

2.2 Computational Model

We create our astrophysical background using the cosmic-ray propagation code Galprop, and
tune the following Galprop parameters: the diffusion spectrum (diffusion coefficient D at a
reference rigidity of 4 GV, diffusion break Dye,k, and spectral indices 6; and 6, below and above
the break), the proton injection spectrum (spectral break and indices y{’ and yé’ below and above
the break), the Helium injection spectrum (spectral break and indices ylHe and y;'[e below and above
the break), the convection velocity v, and the Alfvén velocity v aisen (reacceleration). Noting that
the dark matter contributions to cosmic-ray antiprotons depend sensitively on the halo height [25],
we produce analyses for two different choices of the Galactic halo height. Here we show results for
a halo height of 5.6 kpc, but in [22] we also show analyses for a conservative halo height of 3.0 kpc.

In our model, we introduce pulsars as a new source of primary positrons by modifying the
Galprop code. For this, we adopt the profile for the pulsar distribution from [15], multiplied with
the scale height given in [16] to get the 3-dimensional pulsar distribution in the Galaxy,

Aol o

<0

p(R.z) = 64.6 kpc " R*¥ exp
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Parameter ‘ Best fit
Diffusion coefficient, D¢ [cm?/s] 1.636 -10%
Diffusion spectrum break, Dyeax [MV] 6.067 -103
Spectral index below break, ¢ 0.0527
Spectral index above break, 0> 0.361
Convection velocity, v, [km/(s kpc)] 6.345
Alfvén velocity, v airven [km/s] 4.524
Proton injection spectrum break [MV] 5.195-10?
Proton spectral index below break, yf’ 1.657
Proton spectral index above break, yf 2.523
Pulsar spectral index, yps 1.337
Pulsar cutoff energy, Eby [GeV] 535.587
Pulsar formation rate, Nyqo [pst/century] 0.0930
Solar modulation parameter, ¢g [GV] 0.378
Solar modulation parameter, ¢ [GV] 1.950
Normalization (positrons, protons) 0.815
Helium injection spectrum break [MV] | 3.053 - 10°
Helium spectral index below break, y?e 2.505
Helium spectral index above break, ylzﬂe 2.425
Normalization (Helium) 1.100

Table 2: List of free parameters and their best-fit values for the astrophysical background model.

where z is the halo height of the Galaxy, and Ry = 1.528 kpc and zg = 0.330 kpc. We take the
pulsar e*e™ spectrum from [2],

E ~Ypsr -E
Gev| P

cut

(GeVs)™',

dN
( 2

dE ~

psr

cut the cutoff energy. The normalization is given by

where yps i the spectral index and E
C =8.6- 108 N;q0, where 8.6 - 10 includes the moment of inertia and the period of the pul-
sar, and N is the pulsar formation rate in pulsars per century. In our model, we let yps, Egif and
N 100 float.

Cosmic-rays are affected by the heliosphere of the Sun, causing particle losses at low energies
(< 10 GeV). This effect also depends on the orientation of the solar magnetic field and solar activity.
Often (e.g. as in [7]), the solar modulation is approximated by a force-field potential [14]. Here,
we implement the solar modulation model from [13], which takes into account the time-, charge-
and rigidity dependence of the solar modulation. We keep the parameters ¢ and ¢, that describe
the heliospheric potential, as free parameters. All model parameters of the astrophysical model can

be found in Table 2.

2.3 Dark Matter Model

After obtaining the astrophysical model, we investigate the dark matter contribution in the
positron flux. For the dark matter model, we assume a local dark matter density of 0.4 GeV/cm®
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Figure 2: The astrophysical model for positrons (top), protons (bottom left), and Helium (bottom right),
plotted in solid blue lines, together with the data from AMS-02 for positrons, protons and Helium, displayed
in red. For positrons and protons, primary components are displayed in orange, secondary components
in green. 3He and “He are represented by orange and green, respectively. Note also that the Helium fit
includes an additional systematic uncertainty band of 2%. Gray shaded regions are excluded from the fit.
The fractional residuals of the fits are at the bottom of each panel, showing that we fit all data to a few percent
accuracy.

and a core radius of the dark matter halo of 20 kpc, and describe the dark matter distribution in the
Galaxy by using an NFW profile [17]. We consider four different leptonic final states: yy — 7777,
xx — utus, xx — ete” and yy — ¢¢p — ete ete”, where ¢ is a light mediator. For the
777, and p*pu final states, we use dark matter spectra obtained with DarkSUSY v.5.1.1 [18]. For
the e*e”e*e™ and e*e” states, we utilize analytic calculations of the dark matter spectrum that we
directly implement in Galprop. Specifically, in the e*e~e*e™ case, the contribution to the positron
flux is constant for each energy bin and integrates to the dark matter mass for an energy range from
approximately O to the dark matter mass, following a similar calculation as in Ref. [19]. The e*e™
final state is represented by a delta function.

To determine the dark matter limits, we study dark matter masses between 5 and 2000 GeV
for different annihilation cross sections (ov), and select additional parameters that are particularly
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sensitive to, or are degenerate with, the dark matter contribution (Dy, 97, EES:, Ypst and Nioo), and

let them float as well when fitting to the positron data. This allows us to set more robust constraints.

2.4 Statistical Analysis

We fit our astrophysical background model to the AMS-02 data for positrons, protons and
Helium simultaneously, using different minimizers (Multinest [20], iMinuit [21]) in two steps (for
more information, see [22]). As we want to focus on the positron fit of our model, we introduce
an additional systematic uncertainty of 2% in the Helium data. More importantly, the systematic
uncertainties of nearby energy bins in the Helium flux are correlated, but here we treat them
as uncorrelated, as the AMS-02 experiment does not provide the covariance matrices. The free
parameters of our model are given in Table 2.

To obtain the dark matter limits, for each dark matter mass of the different final states, we create
a grid of annihilation cross-sections and re-fit the positron flux using the relevant parameters (see
above) for each grid point. Then we compute the y? profile of (ov) and calculate the 95% upper
confidence limit compared to no contribution from dark matter.

3. Results

The parameters of our astrophysical background

model and their best-fit values are given in Table 2. Type ‘ x> ‘ y*/d.of. (d.of)
In general, our best-fit parameters are consistent with total 88 60 0.63 (141)
previous analyses [25, 27-29]. Ifl Figure 2, we positrons | 42.88 0.88 (49)
present our results of the astrophysical background protons | 21.08 0.43 (49)
model for the positron, proton and Helium flux. In Helium | 24.64 0.57 (43)

the bottom of each panel, the residuals of our model
are shown, indicating that our model fits the data to Table 3: Summary of the x-values of the fit of
within a few percent. Table 3 summarizes the y2 the astrophysical background model.

values of the astrophysical background model. Due

to the high-statistical precision of the data, which often falls below the systematic uncertainties in
each flux, we are able to obtain y?/degree of freedom values below 1 in all cases.

In Figure 3, we present our dark matter limits on the annihilation cross section as a function
of mass for the different final decay states, given as the 95% upper confidence limit. We derive the
strongest constraints for dark matter annihilation directly into e*e™-pairs with an annihilation cross
section of 6 x 1072 cm?/s for 12 GeV. For reference, we include the thermal cross section [24].

At energies below 10 GeV, our results show a small excess of < 30 for all final states. In the
positron fit in Figure 2, it can be seen that there is a positive discrepancy (about 2%) between our
model and the AMS-02 data below about 5 GeV, which causes the consistency with small dark
matter contributions which produces a tentative preference for a small dark matter contribution. We
note that this region of our model is prone to larger uncertainties, as it is close to the lower limit
of our model (2 GeV). Additionally, lower energies are highly affected by uncertainties in the solar
modulation.
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4. Discussion and Conclusion

In this analysis, we calculated con-

straints on positron production from dark 10721 —

matter annihilation for dark matter masses - ;+; -

from 5-2000 GeV for leptonic final states . 10723 =~ e’e"e’e”

from the local positron flux. We created an 'm o iheerma (ov) (arxiv:1204.3622)
astrophysical background model includ- mg 10725

ing a pulsar model to describe the rise ;

in the positron flux above 20 GeV, and 2 1027 1

obtained very good agreement with the

AMS-02 data. From this, we were able to 10-29 - — e
derive strong constraints on the dark mat- 10 100 1000

. R . m, [GeV]
ter contribution to the positron flux, and X

exclude cross sections below the thermal Figure 3: Dark matter limits for different leptophilic final
cross section for annihilation into 757~ be- states for a dark matter mass range from 5 to 2000 GeV for
low 60 GeV, for u* 1~ below 160 GeV, for decays into 7*7~ (blue), u*u~ (orange), ete"e*e™ (green,

- .
ete-e*te~ below 240 GeV and for e*e- be- dashed) and e*e . (I'.ed), and the thermal cross.setcnf)n (gray)
from [24]. Our limits rule out a thermal annihilation cross

section for dark matter masses below between 60 to 300 GeV
depending on the final state.

low 380 GeV. At lower masses near
30 GeV, we rule out dark matter annihi-
lation to e*e™ with cross-sections on the
order of ~2.5-10728 cm?/s, allowing us to more generically rule out models with even ~1% annihi-
lation to e*e™ final states. Notably, these constraints also have implications for the constraints on
the hard-to reach muonic channels discussed in [26]. Finally, our results improve on the existing
limits by Bergstrom et al. [7] by a factor of ~2, and extend the limits to higher dark matter masses.
As the dark matter contribution is proportional to the halo height, we repeat this analysis with
a halo height of 3 kpc as a lower limit on the halo height [25], and obtain similar results, see [22].
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