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Indirect Dark Matter Searches
vals are then obtained by requiring 2! lnðLpÞ ¼ 2:71 for a
one-sided 95% confidence level. The MINUIT subroutine
MINOS [33] is used as the implementation of this technique.
Note that uncertainties in the background fit (diffuse and
nearby sources) are also treated in this way. To summarize,
the free parameters of the fit are h!annvi, the J factors, and
the Galactic diffuse and isotropic background normaliza-
tions, as well as the normalizations of nearby point sources.
The coverage of this profile joint likelihood method for
calculating confidence intervals has been verified using toy
Monte Carlo calculations for a Poisson process with known
background and Fermi-LAT simulations of Galactic and
isotropic diffuse gamma-ray emission. The parameter
range for h!annvi is restricted to have a lower bound of
zero, to facilitate convergence of the MINOS fit, resulting in
slight overcoverage for small signals, i.e., conservative
limits.

Results and conclusions.—As no significant signal is
found, we report upper limits. Individual and combined
upper limits on the annihilation cross section for the b "b
final state are shown in Fig. 1; see also [34]. Including the
J-factor uncertainties in the fit results in increased upper
limits compared to using the nominal J factors. Averaged
over the WIMP masses, the upper limits increase by a
factor up to 12 for Segue 1, and down to 1.2 for Draco.
Combining the dSphs yields a much milder overall in-
crease of the upper limit compared to using nominal J
factors, a factor of 1.3.

The combined upper limit curve shown in Fig. 1 in-
cludes Segue 1 and Ursa Major II, two ultrafaint satellites
with small kinematic data sets and relatively large uncer-

tainties on their J factors. Conservatively, excluding these
objects from the analysis results in an increase in the upper
limit by a factor $1:5, which illustrates the robustness of
the combined fit.
We recalculated our combined limits using, for the

classical dwarfs, the J factors presented in [35], which
allow for shallower profiles than Navarro-Frenk-White
assumed here. The final constraint agrees with the limit
from our J factors to about 10%, demonstrating the insen-
sitivity of the combined limits to the assumed dark matter
density profile.
Finally, Fig. 2 shows the combined limits for all studied

channels. The WIMP masses range from 5 GeV to 1 TeV,
except for the WþW& channel, where the lower bound is
100 GeV. For the first time, using gamma rays, we are able
to rule out models with the most generic cross section
($ 3' 10&26 cm3 s&1 for a purely s-wave cross section),
without assuming additional astrophysical or particle phys-
ics boost factors. For large dark matter masses (around or
above a TeV), the radiation of soft electroweak bosons
leads to additional gamma rays in the energy range of
relevance for the present analysis (see, e.g., [36,37]).
This emission mechanism is not included in the
Monte Carlo simulations for the photon yield we employ
here. While massive gauge boson radiation is virtually
irrelevant for masses below 100 GeV, our results for the
heaviest masses can be instead viewed as marginally more
conservative than with the inclusion of radiative electro-
weak corrections.
In conclusion, we have presented a new analysis of the

Fermi-LAT data that for the first time combines multiple

FIG. 1 (color online). Derived 95% C.L. upper limits on a
WIMP annihilation cross section for all selected dSphs and for
the joint likelihood analysis for annihilation into the b "b final
state. The most generic cross section ($ 3' 10&26 cm3 s&1 for a
purely s-wave cross section) is plotted as a reference.
Uncertainties in the J factor are included.

FIG. 2. Derived 95% C.L. upper limits on a WIMP annihila-
tion cross section for the b "b channel, the "þ"& channel, the
#þ#& channel, and theWþW& channel. The most generic cross
section ($ 3' 10&26 cm3 s&1 for a purely s-wave cross section)
is plotted as a reference. Uncertainties in the J factor are
included.
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FIG. 1 (color online). Derived 95% C.L. upper limits on a
WIMP annihilation cross section for all selected dSphs and for
the joint likelihood analysis for annihilation into the b "b final
state. The most generic cross section ($ 3' 10&26 cm3 s&1 for a
purely s-wave cross section) is plotted as a reference.
Uncertainties in the J factor are included.

FIG. 2. Derived 95% C.L. upper limits on a WIMP annihila-
tion cross section for the b "b channel, the "þ"& channel, the
#þ#& channel, and theWþW& channel. The most generic cross
section ($ 3' 10&26 cm3 s&1 for a purely s-wave cross section)
is plotted as a reference. Uncertainties in the J factor are
included.
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Where to Look

• Enhancement from Potential Well - Amplifies density, velocity, and even 
potentially cross-section. 

• Places to look

• Center of the Galaxy, Dwarf Satellite Galaxies (dSphs), Within the Sun 
or Earth, Black Holes

• My work has been developing simulations of how dm particles will behave in 
a gravitational well.

• Future step is to add the particle physics, and calculate the expected gamma 
ray signal.

One of the largest unsolved questions in modern physics is the nature of dark matter, a com-
ponent of the universe so far only detected because of its gravitational effects. Observations of
the rotation curves of galaxies, the X-ray emissions of galaxy clusters, and the anisotropies of the
Cosmic Microwave Background have all been consistent with dark matter accounting for 23% of the
energy content of the universe. By comparison, the baryonic component is less than 5%. To have
the appropriate relic density these particles are expected to interact via the weak nuclear force.
Further, N-body simulations of the growth of structure have found that dark matter must be cold
in nature, non-relativistic. This rules out neutrinos and has lead to a consensus in the literature
that dark matter is most likely composed of WIMPs, weakly interacting massive particles not ac-
counted for by the Standard Model. The most popular, but not the only theory, envisions dark
matter as the lightest of the supersymmetric particles. Alternative theories to dark matter, such as
modified gravity, have proven inconsistent with the gravitational lensing seen in the bullet cluster
(Markevitch et al 2004).

Physicists are now looking for non-gravitational evidence of dark matter, to prove its existence
and study its properties. Dark matter could be produced in future collider experiments at the LHC.
It may also be discovered by direct detection experiments seeking to observe the recoil energy of
a heavy nucleus as dark matter scatters off it. Currently, multiple such experiments like DAMA,
CDMS, CRESST, XENON, and LUX are operating. They have placed upper bounds on the dark
matter mass and cross section. For all but the lightest WIMP masses, the cross section must be
below 10−45 cm2 and the exclusion is even more stringent for 50 GeV WIMPS approaching 7 ·10−45

(Aprile et al 2011).

Yet, there are also powerful indirect methods for observing dark matter. Most models of dark
matter annihilation predict the creation of W, Z, Tau, or heavy quark pairs. These secondary
particles have similar decays that produce neutral pions. These pions are unstable and decay into
gamma ray pairs. Thus, dark matter annihilation should create a characteristic continuous gamma
ray spectrum. There is also the so called smoking gun annihilation, whereby two dark matter par-
ticles could annihilate directly into two gamma rays. This would create a discrete spectrum, with
the energy of the photon corresponding to the mass of the dark matter particle. However, since
dark matter does not electromagnetically interact, this branching ratio is expected to be heavily
suppressed (Baltz et al 2008).

High energy gamma rays interact with matter via pair production and are thus unable to pass
through earth’s atmosphere. These gamma rays are only directly observable by space based de-
tectors, in particular the Large Area Telescope, LAT, on the Fermi Gamma Ray Space Telescope.
Gamma rays incident on the LAT undergo pair production. The electron and positron are tracked
to infer the source of the initial gamma ray and then absorbed in a calorimeter to determine the
gamma ray’s energy. The LAT is sensitive to energies of 20 MeV to 300 GeV. Hence, it is well
suited for dark matter searches.

The gamma ray continuum flux is described by the equation:
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Where σ is the energy dependent cross section, v the relative velocity,
dNf

dE the photon yield per
annihilation channel, Bf the branching fraction, ρ the density, mχ the dark matter mass, and the
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