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Abstract: A growing body of evidence exists supporting the existence of Dark Matter (DM) yet its particle
nature remains a mystery. Weakly-interacting massive particles (WIMPs) with a mass ranging from 10 GeV to 10
TeV are a popular candidate to explain the particle nature of DM. A WIMP hypothesis is compelling as it naturally
explains the density of DM observed (thermal freeze out) and such particles are expected in some solutions to the
gauge hierarchy problem. Such WIMPs are expected to annihilate into Standard Model particles and produce high
energy photons via various processes. Detecting such high energy photons would provide an indirect detection of
the DM particle mass.
Below 1 TeV the Fermi-LAT provides the community with the most stringent limits of indirect detection of WIMP
candidates. Above 1 TeV air-Čerenkov telescopes such as VERITAS and H.E.S.S. have placed competitive limits
using a subset of expected WIMP emission sources. The High Altitude Water Čerenkov (HAWC) observatory
complements these detectors above a few 100 GeV with its large effective area, excellent angular resolution,
efficient gamma-hadron separation, and greater than 90% duty cycle. HAWC is currently being deployed and
operated near Puebla, Mexico. We present preliminary predictions for the limits for various DM annhilation
channel hypotheses that we will be able to place with the HAWC Observatory.
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1 Introduction
Evidence for Dark Matter (DM) is present in a multi-
tude of observations: gravitational lensing of at a multi-
tude of scales [1, 2, 3], rotation curves of galaxies and d-
warf spheroidal galaxies [4, 5, 6, 7], galaxy clusters [8],
large-scale structure [9], and the cosmic microwave back-
ground [10]; yet the particle nature of the dark matter re-
mains a mystery [11]. Weakly-interacting massive particles
(WIMPs) with a mass ranging from 10 GeV to 10 TeV are a
popular candidate to explain the particle nature of DM [11].
A WIMP hypothesis is well motivated as it naturally ex-
plains the density of DM observed (thermal freeze out) and
such particles are expected in some solutions to the gauge
hierarchy problem. Such WIMPs are expected to annihilate
into Standard Model particles and produce high energy pho-
tons via various processes. Detecting such high energy pho-
tons would provide an indirect detection of the DM particle
mass.

Dwarf Spheroidal Galaxies are dominated by DM [4, 12]
and nearby making them ideal candidates for placing limits
on 〈σv〉 . Furthermore, these objects have a very low flux
of high-energy photons from conventional astrophysical
means and are essentially background-free for the detection
of annihilation signatures. These objects have been searched
for photon emission by VERITAS [13], H.E.S.S. [14, 15],
and MAGIC [16], and Fermi Large Area Telescope (Fermi-
LAT) [17] and used to place limits on 〈σv〉 vs. Mχ where
χ denotes the DM particle. Segue 1 has been of particular
interest as it is the “least-luminous Galaxy” and highly DM
dominated [4, 12].

Here we present limits on DM candidate velocity weight-
ed cross-section vs. their masses for observations of Segue
1. These limits use data collected on the HAWC-30 sub-
detector during the deployment of HAWC and represent the

most stringent limits available above 20 TeV. Also shown
are the predicted sensitivity of HAWC once completed in
2014.

2 Instrument
The High Altitude Water Čerenkov (HAWC) observatory
is currently being deployed near Puebla, Mexico. When
completed in 2014 it will consist of 300 optically–isolated
galvanized steel tanks, each 7.3 m in diameter and 4.5
m deep. The design is built upon the successful water
Čerenkov technique pioneered by Milagro [18, 19, 20,
21, 22, 23, 24, 25]. HAWC will have about 10 times the
densely instrumented deep–water area of Milagro providing
a dramatic improvement in low–energy effective area and
both angular and energy resolutions. Situated at an elevation
of 4100 m (compared to 2649 m for Milagro), HAWC
will detect showers which would not reach Milagro at
its greater atmospheric depth, HAWC will thus have a
minimum energy threshold well below that of Milagro.
The segmentation of the deep water into optically isolated
tanks improves the hadron rejection efficiency over that of
Milagro by a factor of about 10 at high energies. HAWC,
with its nearly 100% duty cycle, large field of view, and
large effective area, will complement the capabilities of the
Fermi-LAT [26, 27, 28, 29, 30] and make it an excellent
observatory for transient objects.

HAWC’s modularity allows data taking during deploy-
ment; as tanks are instrumented and verified they are placed
into the data stream. The HAWC-30 sub-detector consists
of approximately 30 tanks in a rough equilateral triangle.
Data presented herein use the HAWC-30 sub-detector.
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Fig. 1: Predicted differential photon flux, given by Eqn.
1, from Segue 1 for 10 TeV WIMP candidates for various
annihilation channels.

3 Method
We use the standard method of predicting the gamma-
ray flux due to various annihilation hypothesis and source
morphologies [31]. This method has been employed in
searches conducted by the VERITAS [13], H.E.S.S. [14,
15], and MAGIC [16] Imaging Atmospheric Čerenkov
Telescopes (IACTs), and by the Fermi Large Area Telescope
(Fermi-LAT) [17]. A more detailed description of the full
method can be found in Abazajian and Harding [15] Here
we examine four annihilation channels:

• χχ̄ →WW̄

• χχ̄ → tt̄

• χχ̄ → bb̄

• χχ̄ → ττ̄

The differential photon flux for any annihilation channel
is written as:

d3Nγ

dEdtdA
=

1
4π

〈σv〉
2M2

χ

dNγ

dE
J(ψ) (1)

where 〈σv〉 is the velocity-weighted average cross section,
Mχ is the mass of the presumed dark matter, dNγ/dE is
the gamma-ray energy distribution per annihilation from
the subsequent showering and decay of the annihilation
products. The photon flux observable at Earth is determined
using PYTHIA [32] by setting the center-of-mass energy to
twice Mχ and simulating the shower for each annihilation
channel. An example of d3Φγ/dEdtdA is shown in Figure
1 for a WIMP mass of 10 TeV. The shapes of these spectra
generally scale with WIMP mass, e.g. a 1 TeV WIMP
annihilating into ττ̄ would have a local maxima at around
300 GeV instead of 3 TeV shown in the figure.

The J(ψ) is the integral of the squared DM density (ρ)
over the line of sight (ψ) and field of view (dΩ) as shown
in Eqn. 2.

J(ψ) =
∫

∆Ω

∫
l.o.s.

ρ
2
χ(l(ψ))dldΩ (2)

This factor contains all the astrophysical information about
the source being examined and is generally constrained
by other observations of the object being studied. As the
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Fig. 2: Current limits on 〈σv〉 vs. Mχ in the annihila-
tion channels χχ̄ → ττ̄ and χχ̄ → bb̄ from observation-
s of Segue 1 made by Fermi-LAT (24 months) [17] and
VERITAS (50 hrs) [13]. Preliminary HAWC-30 sensitivity
for 82.8 day of observation and anticipated sensitivity of
HAWC-300 for 1 years of observation.

gamma-ray flux is proportional to this factor, sources with
a large J(ψ) and minimal gamma-ray flux due to non-DM
sources are ideal. The J(ψ) factor for Segue 1 is 7.7 ·1018

GeV−2 cm−5 sr.
Using the above formalism for each source, annihilation

channel, and WIMP mass, limits on 〈σv〉 can be placed.
The limiting value of 〈σv〉 is found by finding the maximum
value consistent with our data (or simulation) at the two
σ level (approximately 95%). HAWC is sensitive to DM
masses of about 1 TeV and above.

4 Results
Figures 2 and 3 show the limits obtained from observations
of Segue 1 with Fermi-LAT ( 24 months), VERITAS (50
hrs), and HAWC-30 (82.8 days) as well as the anticipated
limits from HAWC-300 (1 years). The cross section needed
to produce all of the dark matter thermally in the early
universe is shown for comparison. The cross section at z=0
could be substantially higher (103 or 104) than during the
thermal freeze out if the mediators of the annihilation are
massive bosons, the so-called Sommerfeld enhancement
effect (e.g. [33]). Above 1 TeV this possibility is very real:
the W and Z bosons are already-known particles that must
enhance the cross section at low velocities if they participate
in the annihilation. With such cross-section boosts and
potential boosts (perhaps as much as 10x) from un-modeled
dark matter substructure, thermally-produced WIMPs may
be accessible with HAWC.

5 Conclusion
HAWC-30, a small fraction of the final area of HAWC-
300, is already providing limits from indirect detection on
〈σv〉 vs. Mχ as seen in Figs. 2 and 3. As HAWC continues
to be deployed its sensitivity will improve from increases
in effective area, angular resolution, and gamma/hadron
separation. Observations with HAWC on DM dominated
objects such as Segue 1 will provide competitive limits on
dark matter with masses above 1 TeV. Additionally, much
like the Fermi-LAT, HAWC can be used to observe every
dwarf spheroidal galaxy in its field of view (even ones that
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Fig. 3: Preliminiary limits on 〈σv〉 vs. Mχ in the annihila-
tion channels χχ̄ → tt̄ and χχ̄ →WW̄ from Segue 1.

are newly discovered) as well as to stack the signals from
many sources much like analyses of Fermi-LAT data [17].
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