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Abstract. The Galactic Halo is a key target for indirect dark matter detection. The High
Altitude Water Cherenkov (HAWC) observatory is a high-energy (~ 300 GeV to > 100 TeV)
gamma-ray detector located in central Mexico. HAWC operates via the water Cherenkov
technique and has both a wide field of view of ~ 2sr and a > 95% duty cycle, making it
ideal for analyses of highly extended sources. We made use of these properties of HAWC
and a new background-estimation technique optimized for extended sources to probe a large
region of the Galactic Halo for dark matter signals. With this approach, we set improved
constraints on dark matter annihilation and decay between masses of 10 and 100 TeV. Due
to the large spatial extent of the HAWC field of view, these constraints are robust against
uncertainties in the Galactic dark matter spatial profile.
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1 Introduction

The mass of the known universe is dominated by a dark component that is not optically
observable. First observed by Fritz Zwicky’s 1930s study of the Coma Cluster, evidence
of this dark matter has gradually accumulated over the years. Its effects can be seen in
phenomena such as galactic velocity dispersion and gravitational lensing through galaxy
clusters [1, 2]. These effects cannot be explained by normal, luminous matter given the
known laws of gravity, leading to the hypothesis that halos of dark matter surround the
luminous components, which provides the mass necessary to explain these observations [3].
Current estimates place the dark matter contribution to the mass of the universe at 86% [4].
However, the composition of the dark matter remains unknown.

One of the most popular candidates are Weakly Interacting Massive Particles, or
WIMPs. As indicated by the name, these are hypothesized particles with a non-zero mass
that interact via a weak-scale force and, in many theoretical frameworks, are their own anti-
particle [3, 5]. Assuming WIMPs were in thermal equilibrium in the early Universe, this
weak-scale self-annihilation naturally reproduces the observed relic density while maintain-
ing the cold dark matter state of the known universe [4, 6]. WIMPs are therefore one of
the most promising dark matter candidates and many contemporary experiments aim to find
evidence of WIMP interactions.

WIMP annihilation and decay can produce Standard Model particles through weak
interactions. These particles will, in turn, produce gamma-ray photons mainly via pion de-
cay, but also through inverse Compton scattering of photons off produced electron-positron
pairs [7]. The expected differential gamma-ray flux, d®, per unit energy, dF, from a dark



matter halo is described by the following equations modeling annihilation and decay, respec-
tively:

e J{ov) dN (M, channel) (1)
dEann  8wM? dE ’ ’
ae _ D dN (M, channel) (1.2)

dE decay 4T Mt dE ’ ’

where (ov) is the velocity-weighted annihilation cross section, 7 is the decay lifetime, M is the
dark matter particle mass, and the J and D factors contain the astrophysical information
of the assumed dark matter density profile. See ref. [7] for a detailed derivation of these
functional forms.

The J-factor and D-factor are defined, respectively, as:

J://pgm(z,mdm, (1.3)
D://pdm(l,Q)dldQ, (1.4)

where pgp, is the dark matter density profile (typically containing both a smooth component
and a contribution from sub-halos), dl is the line of sight to the halo, and Q is the solid
angle of the observation. The J-factor contains a density-squared factor due to annihilation
requiring two particles to interact, while the D-factor includes only one power of the density
profile since decay is a single-particle process.

The quantity % in eq. (1.1) and eq. (1.2) is the gamma-ray spectrum from a single dark
matter interaction [6]. This analysis uses spectra computed with the Poor Particle Physicist’s
Cookbook (PPPC) model as derived by Cirelli et al. [8], which include corrections arising
from the electroweak coupling. In this work we consider dark matter masses of 10, 20, 50,
and 100 TeV, which is consistent with the HAWC energy resolution of ~ 30%. Annihilation
to a variety of Standard Model particles are considered: bottom and top quarks; electrons,
muons, and tau leptons; W and Z bosons.

2 The galactic halo

The Galactic Halo of the Milky Way galaxy is expected to yield an extremely high dark matter
gamma-ray flux and is a promising region for probing WIMP signals. The exact behavior of
the Galactic Halo density profile is not well constrained towards the center, so we will consider
different parameterizations consistent with numerical simulations and observational data.
Many fits to numerically simulated halos consisting only of dark matter favor the Einasto
density profile, which is characterized by a sharp cusp towards the halo center [9-11] and
given by:
p(r) = pyea (0/r)" =1 (2.1)

where p, is a normalization constant on the dark matter mass density determined by the
total halo mass, ry is the characteristic scale radius of the halo, and o determines the profile’s
curvature, which is fixed to a value of 0.17 for the Galactic Halo [12]. Observations of dark
matter halos favor a Burkert density profile [13, 14], which lacks the center cusp and instead
flattens towards the center (referred to as being “cored” in contrast to “cuspy”). The Burkert

profile is given by:
Ps

L+r/rs)(1+ (r/rs)?)’

p(r) = ( (2.2)
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Figure 1. A comparison of the dark matter density profile behavior as a function of distance from
the Galactic Halo center. The Einasto (cuspy) profile [9-11] differs by many orders of magnitude from
the Burkert (cored) profile [13] towards the center, but by less than an order of magnitude for the
region considered in this analysis (to the right of the yellow line).

Re (kpe) | po (GeV/em?) | 7y (kpe) | «
8 0.4 15.7 0.17

Table 1. Parameters used in the assumed dark matter density profiles (eq. (2.1) and eq. (2.2)). R
and pe are the distance from the Sun to the Galactic center and the local dark matter density of
the solar system, respectively, which are used to define the normalization for the density profiles (ps
in eq. (2.1) and eq. (2.2)). The scale radius, rg, is chosen based on the value from the Aquarius
simulation, as is the value of « for the Einasto profile [18].

where ps; and r; are again the density normalization and scale radius, respectively. Addi-
tionally, more recent N-body simulations that include baryonic matter favor the cored shape
parameterized by eq. (2.2) [14, 15], where the specific values we use for this dark matter profile
are motivated by ref. [14]. Note that a third standard dark matter profile, the Navarro-Frenk-
White (NFW) profile [16, 17], has density that lies between these two extremes. However,
because the difference between even the Einasto and Burkert results are minimal in this
paper, we only consider results for these two extremes for dark matter profile.

The behavior of the different density profiles is illustrated in figure 1 for the Galactic
Halo. Towards the center, the profile behavior diverges considerably. Therefore, any expected
dark matter gamma-ray flux computed using only the region close to the center will have
large systematic uncertainties (over six orders of magnitude) arising from the choice of density
profile. However, an experiment with a large instantaneous field of view can observe a larger
portion of the Galactic Halo and is therefore more robust, as will be explained in section 3. For
the particular declination range of this analysis, only galactic radii >1.27 kpc are considered,
where the Burkert and Einasto profiles are less than an order of magnitude apart. The
simulated values of the dark matter profile considered in this paper are given in table 1.



3 The HAWC detector

The High Altitude Water Cherenkov (HAWC) detector is a gamma-ray observatory located
on the side of the Sierra Negra volcano in Mexico. HAWC observes particle-induced air
showers using an array of 300 Water Cherenkov Detectors (WCDs) and covers an area of
22,000 m?. It is one of the most sensitive instruments for measuring multi-TeV gamma rays
currently operating. HAWC is sensitive to gamma rays with energies of at least 300 GeV and
up to over 100 TeV, and is therefore well-suited for detecting possible signals from multi-TeV-
mass WIMPs. In addition, HAWC operates on a near-continuous duty cycle with a roughly 2
sr instantaneous field of view that makes it ideal for performing survey-style observations [19].
See ref. [20] for details on the standard HAWC reconstruction and binning techniques used
in this analysis and ref. [21] for more details on the HAWC design.

HAWC uses a forward-folding approach to fit the true energy spectrum of a source from
the binned data, taking into account the HAWC detector response obtained from simulation.
Events in this analysis are primarily binned by the fraction of available PMTs triggered,
which serves as an energy estimator as detailed in ref. [20]. Events are further categorized
into spatial bins (also referred to as “pixels” in later sections) using the HEALpix pixelization
scheme [22]. The best-fit spectrum for a given source is calculated by using a maximum-
likelihood approach as detailed in refs. [20] and [23]. The statistical significance is then
computed using the test statistic (TS) defined as:

TS = 210g (Lumax/Lo), (3.1)

where L. is the maximum likelihood resulting from the fit, and Lg is the likelihood for a
background-only model (where the expected signal is zero in all bins).

Since the background-only hypothesis is contained entirely within the signal-plus-
background hypothesis, Wilks’ theorem can be used to interpret the TS. Wilks’ theorem
shows that if the background-only hypothesis is true, in the high-statistics limit, the TS will
follow a x? distribution with degrees of freedom equal to the difference in the degrees of
freedom between the signal hypothesis and background-only hypothesis [24]. The binning
scheme used in this analysis has been previously shown to contain sufficient statistics to
apply Wilks” Theorem in ref. [20] and [19]. Therefore, the appropriate x? distribution for a
given signal hypothesis can be used to transform the TS into a measure of the significance
by which the background-only model is rejected.

Due to its wide field of view, HAWC can probe a large region of the Galactic Halo for
dark matter gamma-ray signals. Using a large region of interest (ROI) farther away from
the Galactic Center substantially mitigates the density profile systematic, since the cored
and cuspy profiles do not differ as strongly. In the cored case, the sensitivity lost from the
lack of an assumed central cusp is also mitigated by the larger ROI, allowing more flux to be
observed over a larger area.

4 Large-scale background estimation

The majority of air showers detected by HAWC come from charged cosmic rays. Gamma-
ray and cosmic-ray events can be separated by the different characteristics of the lateral
charge distributions they create across the array. Using gamma-hadron discrimination cuts
to quantify this effect, HAWC is able to reject greater than 99% of the hadronic background



above ~3TeV [20]. However, due to the extremely high relative abundance of charged cosmic
rays to gamma rays, a substantial amount of background remains even after cuts.

This analysis estimates the background using a technique that is optimized for highly
extended source hypotheses [25]. The technique uses two datasets; one with standard gamma-
hadron cuts applied, and another with reversed cuts meant to pass hadrons, thereby creating a
dataset consisting primarily of cosmic rays. This approach then attempts to map the behavior
of the pure cosmic-ray maps back to the distribution of hadronic background in the standard
maps. A series of calculations are then performed to derive what is called the a-factor
(analogous to the exposure factor used by Li and Ma [26]).! This a-factor is used to compute
the estimated hadronic background in the ¢th bin of the standard maps, where ¢ runs over both
spatial and analysis (energy) bins. This technique is only applied to events where more than
16.2% of the HAWC array triggers due to known biases for smaller events. The a-factor is
used to compute the estimated background in a given pixel, NZBKG, via the following equation:

NEKG — o, x H;, (4.1)

where H; is the content of the hadron maps in a given pixel and «; is the pixel-by-pixel
computed a-factor.

To compute «;, it is decomposed into terms dependent on the location’s right ascension
(RA) and declination (Dec) as follows [25]):

a;(RA, Dec) = a;(Dec) x b;(RA), (4.2)

where the ¢ index runs over spatial pixels. Assuming that each component is independent of
the other, the a;(Dec) component is calculated by:

(4.3)

where Gpec and Hpee are the counts averaged within a 0.5 degree window around the decli-
nation of a given pixel in the gamma and hadron maps, respectively. Since the HAWC event
rate is highly dependent on declination, the 0.5 degree averaging window was chosen to be on
the order of the size of a single spatial pixel to minimize mixing of counts between different
declinations. The RA-dependence, b;(RA), is expected to depend on the pixel-by-pixel count

ratio, %, but with the declination dependence factored out. The equation is then:
G; 1
bi(RA) = Sg| ——— 4.4
(RA) G(HZ- ai(Dec)) ’ (44)

where S is a Gaussian smoothing function with width o (in degrees of RA). This is repeated
for each analysis (energy) bin, where the value of the smoothing function is determined by
the analysis bin index k as ¢ = 2k + 15, where k ranges from 3 to 9. Since the average count
in each map falls off in the higher energy bins, the smoothing width is made wider in these
bins to gather additional statistics. These values were determined heuristically for the HAWC
analysis bins 3-9 considered in this analysis, in order to keep the statistical sample sufficiently
high and avoid small-sample-size variations in the data. See ref. [25] for further details.
The sky improvements using this new technique for extended sources can be seen clearly
in figure 2. The significance improvement in the data is especially relevant for understanding

In order to be compatible with usage in the relevant literature, we are using the symbol o both for this
quantity, and the Einasto parameter in eq 2.1; the meaning should be from the context.



the systematics of the dataset in a way that had not previously been understood. Note also
that the a-background technique reveals a previously-undetected excess just to the north side
of the Galactic Plane, as shown in ref. [25]. This new excess is morphologically inconsistent
with gamma rays from dark matter emission originating from the main Galactic Halo and we
therefore include it as a part of the list of astrophysical sources and excesses to be removed
when the dark matter search is performed.?

5 Analysis method

5.1 Region of interest selection

In order to estimate the ROI for this analysis, we combine the characteristic sensitivity of
HAWC from ref. [27] with the simulations of the Galactic Halo dark matter density profile.
We use the CLUMPY software package [12] to generate these simulations with input parameters
given in table 1.

The a-background approach requires removing spatial bins expected to contain excess
from the background-estimation calculations. The optimal ROI may, in general, depend on
the choice of density profile. Since cuspy profiles peak sharply towards the Galactic center,
additional sensitivity could be gained by considering pixels at the extreme southern edge
of the HAWC field of view. In contrast, cored profiles are expected to derive almost all of
their sensitivity from regions overhead, since the increase in expected flux towards the center
is not enough to dominate loss of sensitivity at high zenith angles. The resulting plots are
shown from both a cuspy (Einasto) and cored (Burkert) profile in figure 3, where lighter
colors indicate pixels more favorable for DM searches.

Given the high number of detected HAWC sources associated with astrophysical emis-
sion in the Galactic plane, it is best to remove this region from the final ROI. Additionally,
all TeV-emitting sources with known astrophysical associations in the TeVCat catalog of
known TeV sources [28] are removed to minimize possible contamination from sub-threshold
sources. An additional constraint is made so the ROI excludes all pixels above zero degrees
declination (Dec = 0) in order to avoid the new excess found in the a-factor analysis [25].
Finally, we require a sensitivity cut such that the ROI at its widest spans no more than 180
degrees. This final constraint is added to prevent the ROI from becoming arbitrarily wide
and creating declinations where no pixels remain outside the ROI for use in the background
calculation. Under these constraints, both density profiles yield approximately the same op-
timal ROI, due to their shapes converging at distances far from the Galactic Halo center.
The chosen ROI that will be probed for Galactic dark matter emission, and also excluded
from the background calculation, is displayed in figure 4.

5.2 Source modeling

To compute the expected flux from such a large extended source, it is necessary to convolve
the HAWC point spread function (PSF) and detector response with the source spatial profile.
This is done using The HAWC Accelerated Likelihood (HAL) plugin [29, 30] within the Multi-
Mission Maximum Likelihood (3ML) framework [31, 32]. To account for the varying HAWC
detector response function across different declinations, the Galactic Halo ROI is broken into
a set of smaller ROIs. The convolution is then performed separately over each of these sub-
ROIs and the resulting models linked to recover the full Galactic Halo extent. To perform a fit,

2The collaboration is currently looking into the nature of this gamma-ray source. However, to be conser-
vative we have included this in the masked exclusion region of the analysis presented here.
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Figure 2. Significance map of HAWC field of view assuming an extended disk source with a radius of
5 degrees and a power law with index -2.7, with the original 24-hour Direct Integration methods (top)
with and the a-background technique (bottom). The nonphysical deficit of events near the Galactic
Plane is clearly seen in the Direct Integration figure and not in the a-background figure. This enables
better HAWC detection of sources near the plane: known HAWC sources are more strongly visible as
well as a new unidentified source of excess that is discussed further in ref. [25].

the likelihood approach summarized at the end of section 3 is generalized by simply summing
the log-likelihood contribution from each sub-ROI to obtain the full likelihood profile.
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Figure 3. Relative sensitivity of each spatial bin to a dark matter gamma-ray signal, plotted as a
function of RA and Dec. Brighter coloring indicates more sensitive regions. The top figure assumes
an Einasto spatial profile while the bottom figure assumes a Burkert spatial profile. Points more
sensitive to dark matter will be included in the regions of interest for the full analysis and excluded
from the background estimation.

In the event of a source as highly-extended as the Galactic Halo, the estimated back-
ground of the data maps will contain a substantial component of gamma rays from the dark
matter itself. It is therefore only possible to resolve gamma-ray signals in excess of the back-
ground gamma-ray component, which will be referred to as effective flux (in contrast to the
true total gamma-ray flux originating from hypothetical Galactic dark matter). We estimate
this effect by adding simulated dark matter emission from the Galactic Halo into the data



Optimal ROI

Figure 4. Optimal ROI chosen for this analysis based on the sensitivity plots in figure 3. The ROI
extends over declinations between 0 degrees and —20 degrees. To avoid contamination from normal-
matter gamma-ray sources, known gamma-ray sources, as well as the extended emission on the north
side of the Galactic Plane detected in ref. [25], are removed during the search for dark matter.

and recomputing the a-factor background (eq. (4.2)). We then correct the expected excess in
our fits by this factor, analogous to the effective flux corrections considered in the previous
HAWC Galactic Halo analysis [33].

To account for possible systematic uncertainties in the modeling of the HAWC detector,
we consider the standard suite of detector uncertainties discussed in ref. [34]. The main source
of systematic uncertainties within HAWC analyses come from discrepancies between the data
and the simulated Monte Carlo events, which originate from uncertainties in the modeling
of the detector, as detailed in ref. [34].

We consider both possible density profile models discussed in section 2. As neither the
Burkert (eq. (2.2)) or Einasto (eq. (2.1)) profiles are strongly favored by current observations
of the Galactic Center, both will be reported separately with neither being considered the
nominal case.

6 Results

6.1 Fit results

With an ROI selected and known contamination removed, the results of the dark matter
search are now shown. We consider a set of representative annihilation and decay channels
and a sample of dark matter masses between 10 and 100 TeV. This mass range was chosen
based on the dynamic range of the binning scheme used in this analysis as detailed in ref. [23].

The significance (v/TS) values for various spectra are plotted in figure 5. No significant
emission is found for any spectrum. Therefore, we set 95% CL upper limits on the cross-
section (ov) and 95% CL lower limits on the decay lifetime 7.
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Figure 5. Significance (v/TS) as a function of dark matter mass and channel for annihilation assuming
a Burkert profile (top left), annihilation assuming an Einasto profile (top right), decay assuming a
Burkert profile (bottom left), and decay assuming an Einasto profile (bottom right). No spectrum
shows significant evidence of gamma-ray emission.

As described in section 3, the TS (eq. (3.1)) quantity asymptotically follows a x-squared
distribution with one degree of freedom. The limits are then set by increasing the free
parameter corresponding to flux normalization (the cross-section, (ov), for annihilation and
reciprocal lifetime, %, for decay) from the maximum-likelihood value until the likelihood
ratio decreases by an appropriate amount for a given confidence level. To obtain 95% CL
limits, 1.355 is chosen as the appropriate value (see the appendix of ref. [23] for details). For
annihilation this results in upper limits on (ov), while for decay this corresponds to a lower
limits on 7. The annihilation upper limits are shown in figure 6 and figure 7, while the decay
lower limits are shown in figure 8 and figure 9.

As expected, the density profile choice has a substantial effect on the limits. However,
the difference is only on the order of a factor of 2-3, rather than the many orders of magnitude
expected if the Galactic Center were to be the only part of the halo considered. Neither choice
of profile is treated as the nominal case here, so all systematics are computed independently
for the limits arising in both cases. The uncertainty bands in figures 6, 7, 8, and 9 are
computed by adding the contribution from each systematic in quadrature. This quadrature
addition is done separately for the positive and negative halves of the bands, resulting in an
effect of about 11% on the positive side and 23% on the negative side.
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Figure 6. 95% CL upper limits on the velocity-weighted annihilation cross-section, (ov), for the
bb (top left), 777~ (top right), tf (bottom left), and WTW~ (bottom right) dark matter spectra
assuming the Einasto (red) and Burkert (blue) spatial profiles. The correspondingly colored shaded
regions are the systematic uncertainty bands. The corresponding limits from the previous HAWC
Galactic Halo analysis [33] are also plotted for comparison.

The limits from the previous HAWC analysis (ref. [33]) are also plotted in figures 6, 7, 8,
and 9. The current results show a strong improvement for the W W~ channel due to the
inclusion of electroweak corrections, while the other channels show consistent improvement in
the higher masses. At the lower masses, the previous results appear to produce stronger limits
in certain channels due to statistical fluctuations. As can be seen in Fig of ref. [33], the results
of the previous analysis were heavily influenced by strong downward statistical fluctuations
that are not present in the current analysis. This effect is discussed further in section 6.2.

6.2 Statistical effects

To compute the effects of statistical fluctuations on the limits, 500 pseudomaps are gener-
ated, where the data in each bin is replaced with a randomly drawn value from a Poisson
distribution with a mean equal to the estimated background in that bin. The 95% upper
and lower limits are recomputed using these pseudomaps in place of the actual data. The
median of the resulting distribution results in “expected” limits; i.e., the limits one would
expect assuming the null hypothesis of a background-only model is true. The 68% and 95%
containment bands are computed about the null hypothesis. Assuming the background was
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Figure 7. Additional 95% CL upper limits on the velocity-weighted annihilation cross-section, (ov),
for the eTe™ (top left), uTu~ (top right), and Z°Z° (bottom) dark matter spectra assuming the
Einasto (red) and Burkert (blue) spatial profiles. The correspondingly colored shaded regions are
the systematic uncertainty bands. The corresponding limits from the previous HAWC Galactic Halo
analysis [33] are also plotted for comparison.

well-modeled in this analysis, the limits should be no further from the expected case than
the 95% band, being influenced only by Poisson fluctuations and not an undetected source
or mismodeled background.

As this process is computationally intense, the statistical bands for only two sample
spectra, bb and 7777, are plotted for all masses and spatial profiles. These are, respectively,
the softest (most low-energy-dominated) and hardest (most high-energy-dominated) channels
and therefore span the extremes of the channel parameter space. The results are plotted for
annihilation and decay, as well as the two spatial profiles considered, in figures 10, 11, 12,
and 13. The expected limits from the previous HAWC analysis are also plotted for compar-
ison when available (figures 10 and 12). Comparing the expected limits more clearly shows
the improvement in sensitivity gained from the current analysis by removing the effect of
statistical fluctuations. All of the plotted limits for this analysis fall well within the 95%
band and are highly consistent with expectation. Therefore, the results presented here are
more robust to statistical effects than those published in ref. [33].

To further verify the limits are within expectation true across all channels, a complete
set of plots with statistical bands for all channels was made for the Einasto profile annihi-
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Figure 8. 95% CL lower limits on the decay lifetime, 7, for the bb (top left), 7H7~ (top right), tf
(bottom left), and W W~ (bottom right) dark matter spectra assuming the Einasto (red) and Burkert
(blue) spatial profiles. The correspondingly colored shaded regions are the systematic uncertainty
bands. The corresponding limits from the previous HAWC Galactic Halo analysis [33] are also plotted
for comparison.

lation case and is shown in figures 14 and 15. The limits in these plots are also well within
the 95% bands.

7 Conclusion

Although no significant evidence of dark matter gamma-ray emission was found, the new
constraints on dark matter annihilation and decay derived from this analysis show a marked
improvement over the previous published results in ref. [33]. Additionally, the inclusion of
the electroweak corrections dramatically improves the results for the W+ W~ channel due to
the higher relative flux at the highest energies. Furthermore, the background is now better
estimated and the results are not biased toward negative flux as was seen in ref. [33]. As
expected, the limits are relatively robust against the large uncertainties arising from the
density profile choice. Rather than the multi-order-of-magnitude difference that one would
expect if only the Galactic Center were considered (see figure 1), these results differ by less
than a single order of magnitude between the profiles.

These results are therefore able to constrain dark matter gamma-ray emission from
the Galactic Halo for a wide range of possible density profile behaviors and do not rely on
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Figure 9. Additional 95% CL lower limits on the decay lifetime, T, for the ete™ (top left), u™u~ (top
right), and Z°Z° (bottom) dark matter spectra assuming the Einasto (red) and Burkert (blue) spatial
profiles. The correspondingly colored shaded regions are the systematic uncertainty bands. The corre-
sponding limits from the previous HAWC Galactic Halo analysis [33] are also plotted for comparison.

the assumption of a strong central cusp. Current evidence from both observation and N-
body simulations that include baryonic components favors profiles that lack such a cusp,
necessitating the approach used to observe emission from a larger region of the Halo utilized
in this analysis [15]. Therefore, these results show the possibility of constraining dark matter
even in the less optimistic case favored by current astrophysical data. Comparison to other
studies by other experiments, as seen in figures 16 and 17 do show that other telescope designs
and analysis assumption can still give even more strignent constraints than those presented
herein. However, future work from both HAWC and other wide-field-of-view experiments
will build on these results and continue to probe dark matter from the Galactic Halo, even
if the exact density profile behavior remains unknown.
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Figure 10. Statistical bands for 95% CL upper limits on the dark matter annihilation cross-
section,(ow), for the bb (left) and 7+7~ (right) channels assuming an Einasto spatial profile. In both
cases, the actual limits fall well within the expected 95% range from statistical fluctuations of the null
hypothesis. The expected limits from the previous HAWC analysis [33] are also plotted to more clearly
show the improvement in sensitivity from this analysis independent of statistical fluctuation effects.
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Figure 11. Statistical bands for 95% CL upper limits on the dark matter annihilation cross-
section,(ow), for the bb (left) and 777~ (right) channels assuming a Burkert spatial profile. In both
cases, the actual limits fall well within the expected 95% range from statistical fluctuations of the null
hypothesis.
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Figure 14. Statistical bands on the 95% CL upper limits on the velocity-weighted annihilation cross-
section, (ov), for the bb (top left), 777~ (top right), tf (bottom left), and W+ W~ (bottom right) dark
matter spectra assuming an Einasto profile. This is a supplementary figure meant to demonstrate the
all channels are within the 95% CL statistical uncertainty range for a null test case.
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Figure 16. Comparison of the annihilation limits in this work with those of the previous HAWC
analysis [33], the HAWC analysis of M31 [35], and the HESS Galactic center limits [36]. Despite the
improvements in this analysis, the HESS Galactic center analysis is still the most stringent limit on
dark matter in this mass range.
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Figure 17. Comparison of the decay limits in this work with those of the previous HAWC anal-
ysis [33], the HAWC analysis of the Virgo cluster [37], IceCube [38], and limits using the Fermi-
LAT [39, 40]. Despite the improvements in this analysis, the Fermi-LAT analyses are still the most
stringent limit on dark matter in this mass range.
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