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Thermal Dark Matter

Relic abundance for dark matter is thus established

Dark matter is in equilibrium in the early Universe

As temperature cools, eventually

Dark matter stops annihilating and falls out of equilibrium  
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Weakly interacting particle with mass ~102-3 GeV gives  
density observed today



WIMPs Today

Searching for high-energy gamma rays from dark matter annihilation is 
the most direct way to probe the thermal hypothesis 

Dark matter self-annihilations are rare today, but do occur

Increase chances of observing these rare events by looking in 
densest dark-matter regions of the sky
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Fermi LAT
The Fermi LAT is one of the best probes of high-energy gamma 

rays from dark matter annihilation

http://fermi.gsfc.nasa.gov/

Sensitive to energies from  
20 MeV to > 300 GeV

Launched June 11, 2008

Scans over the whole sky every 
three hours



Indirect Detection

Monochromatic Photons

Direct annihilation to photons, 
a line in photon energy spectrum
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Annihilation to SM final states that 
shower into photons 
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Photon Flux

The intensity profile for dark matter annihilation is given by
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J-Factor

Astrophysical uncertainties are absorbed by the “J-factor”
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Fig. 1.— Locations of the eight new dwarf galaxy candidates reported here (red triangles) along

with nine previously reported dwarf galaxy candidates in the DES footprint (red circles; Bechtol

et al. 2015; Koposov et al. 2015a; Kim & Jerjen 2015b), five recently discovered dwarf galaxy

candidates located outside the DES footprint (green diamonds; Laevens et al. 2015a; Martin et al.

2015; Kim et al. 2015a; Laevens et al. 2015b), and twenty-seven Milky Way satellite galaxies known

prior to 2015 (blue squares; McConnachie 2012). Systems that have been confirmed as satellite

galaxies are individually labeled. The figure is shown in Galactic coordinates (Mollweide projection)

with the coordinate grid marking the equatorial coordinate system (solid lines for the equator and

zero meridian). The gray scale indicates the logarithmic density of stars with r < 22 from SDSS

and DES. The two-year coverage of DES is ⇠ 5000 deg2 and nearly fills the planned DES footprint

(outlined in red). For comparison, the Pan-STARRS 1 3⇡ survey covers the region of sky with

�2000 > �30� (Laevens et al. 2015b).

Dwarf Galaxies

Drlica-Wagner et al. [1508.03622]

These faint galaxies are dark-matter dominated and thus 
excellent targets for annihilation searches

Known satellites before 2015
New Candidates



Crater 2

Torrealba et al. [1601.07178]

The fourth largest Milky Way satellite (after the SMC, LMC, & Sgr) 
was only recently discovered!

6 G. Torrealba et al.
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Figure 6. Absolute magnitude versus half-light radius. Local galaxies from McConnachie (2012) (updated September 2015) are shown
with different symbols. Dwarf galaxy satellites of the Milky Way are shown with red open circles, the M31 dwarfs with black unfilled
triangles, and other nearby galaxies with grey crosses. Black dots are the MW globular clusters measurements from (Harris 2010;
Belokurov et al. 2010; Muñoz et al. 2012; Balbinot et al. 2013; Kim & Jerjen 2015; Kim et al. 2015b,a; Laevens et al. 2015; Weisz et al.
2015) and grey dots are extended objects smaller than 100 pc from (Brodie et al. 2011). As the half-light radii of LMC and SMC are
unavailable in McConnachie (2012), we measured these ourselves using the 2MASS point source catalogue (Skrutskie et al. 2006). The
black solid (dashed) line corresponds to the constant level surface brightness within half-light radius of µ = 31 (30) mag arcsec−2, which
is approximately the surface brightness limit of the searches for resolved stellar systems in the SDSS (Koposov et al. 2008). The position
of Crater 2 is marked with a a filled red circle. Apart from the only three MW dwarfs exceeding Crater 2 in size, i.e. the LMC, the SMC
and the Sgr, we also label the following systems. UMa I, UMa II, Tuc 2 and Tuc IV are the ultra-faint dwarfs with surface brightness
levels similar to that of Crater 2. Leo T, Dra, Pho, Sex and CVn I all have similar (or slightly higher luminosity) but are smaller in size.
Fornax is overwhelmingly more luminous compared to Crater 2, yet not as extended. Finally, there are three systems in the M31 that
are comparable (or even larger!) in size to Crater 2: And XIX, And XXIII and And XXXII. The position of the peculiar and extended
globular cluster Crater is also marked.

dence. Its half-light radius is 31′±2.5′, corresponding to the
physical size of 1.07±0.08 kpc at the measured distance of
117 kpc (m−M=20.35). A zoom-in on the spatial distribu-
tion of stars in the proximity of Crater 2 is shown in Figure 4.
The left panel displays the density map of stars that belong
to both the RHB and the RGB, the middle panel presents
the RHB candidates only, while the right panel deals with
BHB density. The BHB candidate stars are selected to lie
within the blue dashed box shown in the right panel of Fig-
ure 3. The red solid (dashed) circle shows the half-light ra-
dius rh (2rh) of the best-fit model. An overdensity of stars
is visible in both middle and right panel of Figure 4, with
the RHB signal being clearly stronger. The radial profile
of Crater 2 is shown in Figure 5 together with the best fit
model (red line), which clearly provides an adequate fit to
the data. The small bump at R ∼ 100′ is probably caused
by the contamination from mis-classified galaxies residing in
the galaxy overdensity seen in Figure 2.

The total number of Crater 2 stars with g, r < 22 in-
side the isochrone mask can be obtained from the measure-
ment of the fraction of Crater 2 member stars in the field
f . Using the total number of stars 822 ± 79, we compute
the absolute magnitude of Crater 2 by assuming a Chabrier

initial mass function (Chabrier 2003) and the best-fit PAR-
SEC isochrone described in the previous section. The above
calculation gives the intrinsic luminosity of the satellite of
MV = −8.2± 0.1.

4 DISCUSSION AND CONCLUSIONS

4.1 The feeble giant

Figure 6 compares the structural properties of Crater 2 to
those of known satellite systems. Estimates of half-light ra-
dius are shown against the values of absolute magnitude for
all currently known Milky Way globular clusters (black dots)
and dwarf galaxies (open circles) as well as the dwarfs of
the M31 (triangles) (McConnachie 2012, updated Sep 2015);
this is complemented by measurements collected for various
extended companion objects around nearby galaxies (grey
dots, Brodie et al. 2011). To guide the eye, the lines of con-
stant surface brightness of 30 and 31mag arcsec−2 is drawn.
This level - as deduced by e.g. Koposov et al. (2008) - ap-
proximately corresponds to the surface brightness detection
limit of the current dwarf satellite searches.



Dwarf Galaxies

Ackermann et al. [1503.02641]

Six years of data from Fermi LAT used to search for gamma-ray emission 
from 15 dwarf spheroidal satellite galaxies

Constraints fall below the thermal relic cross section for dark matter 
masses less than ~100 GeV (bb annihilation channel) 6
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FIG. 1. Constraints on the DM annihilation cross section at 95% CL for the bb̄ (left) and ⌧+⌧� (right) channels derived from
a combined analysis of 15 dSphs. Bands for the expected sensitivity are calculated by repeating the same analysis on 300
randomly selected sets of high-Galactic-latitude blank fields in the LAT data. The dashed line shows the median expected
sensitivity while the bands represent the 68% and 95% quantiles. For each set of random locations, nominal J-factors are
randomized in accord with their measurement uncertainties. The solid blue curve shows the limits derived from a previous
analysis of four years of Pass 7 Reprocessed data and the same sample of 15 dSphs [13]. The dashed gray curve in this and
subsequent figures corresponds to the thermal relic cross section from Steigman et al. [5].

FIG. 2. Comparison of constraints on the DM annihilation cross section for the bb̄ (left) and ⌧+⌧� (right) channels from this
work with previously published constraints from LAT analysis of the Milky Way halo (3� limit) [33], 112 hours of observations
of the Galactic Center with H.E.S.S. [34], and 157.9 hours of observations of Segue 1 with MAGIC [35]. Closed contours and
the marker with error bars show the best-fit cross section and mass from several interpretations of the Galactic center excess
[16–19].

DM distribution can significantly enlarge the best-fit re-
gions of h�vi, channel, and mDM [36].

In conclusion, we present a combined analysis of 15
Milky Way dSphs using a new and improved LAT data
set processed with the Pass 8 event-level analysis. We ex-
clude the thermal relic annihilation cross section (⇠ 2.2⇥
10�26 cm3 s�1) for WIMPs with mDM

<⇠ 100 GeV annihi-
lating through the quark and ⌧ -lepton channels. Our
results also constrain DM particles with mDM above
100 GeV surpassing the best limits from Imaging Atmo-
spheric Cherenkov Telescopes for masses up to 1 TeV.
These constraints include the statistical uncertainty on
the DM content of the dSphs. The future sensitivity to

DM annihilation in dSphs will benefit from additional
LAT data taking and the discovery of new dSphs with
upcoming optical surveys such as the Dark Energy Sur-
vey [37] and the Large Synoptic Survey Telescope [38].
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Isotropic Background

Unresolved gamma-ray emission at high-latitudes can arise from 
dark matter annihilation in: 

The Milky Way 

http://www.ucolick.org/~diemand/vl/

Extragalactic Halos

14 J. Zavala, V. Springel and M. Boylan-Kolchin

Figure 10. Upper panel: One of the partial maps (z = 0) showing the cosmic γ-ray background produced by dark matter annihilation.
The color scale gives a visual impression of the values of the specific intensity for each pixel in the map; the red color corresponds to
the highest values of specific intensity. The observed energy of the simulated γ-ray radiation is 10GeV, and the benchmark point L as
described on Table 1 was used as input for the supersymmetric model. Lower panel: Co-added map showing the full γ-ray sky map from
dark matter annihilation integrated out to z = 10.

c⃝ 0000 RAS, MNRAS 000, 000–000

Zavala, Springel, Boylan-Kolchin [0908.2428]



Isotropic Background
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Figure 8. DM annihilation cross section sensitivity reach (95% CL). Green solid line shows
sensitivity obtained in our fiducial HM scenario described in section 2.1, and assumes the
reference contribution from the Galactic subhalo population; see section 2.4 (‘HM, SS-REF’
case in the panels). The broad green band labeled as ‘PS (min!max), SS-REF’ shows
the theoretical uncertainty in the extragalactic signal as given by the PS approach of sec-
tion 2.2. The orange dashed line (‘HM, SS-MIN’), with its corresponding uncertainty band
(‘PS (min!max), SS-MIN’), refers instead to the cross-section sensitivity obtained when the
Milky Way substructure signal strength is taken to its lowest value as calculated in ref. [35].
For comparison, we also include other limits derived from observations with Fermi LAT [9, 11]
and imaging air Cherenkov telescopes [99, 100].

contribution from the Galactic subhalo population (‘HM, SS-REF’ case in the panels).
For the bb̄ (⌧+⌧�) channel, the di↵erences are of about factors 9, 25, 11, 3 (26, 9, 4, 3)
at 10 GeV, 100 GeV, 1 TeV, 10 TeV.

For low WIMP masses, the full spectral shape of the IGRB is a↵ected by the
WIMP signal, and hence the sensitivity reach, assuming a known spectral shape for
the astrophysical contributions to the IGRB, places stronger limits, whereas for the
largest WIMP masses only the last point(s) in the IGRB spectrum is a↵ected and the
two approaches are more similar.22

For the largest WIMP masses considered, the signal from Galactic substructures

22If we omit the last data point, we find that both conservative limits and cross-section sensitivity
for the bb̄ channel worsen by <⇠ 30% at 5 TeV mass going up to a factor of ⇠ 2 for masses between 10
and 30 TeV. In the case of the harder ⌧+⌧� channel, limits and sensitivity reach progressively weaken
by a factor ⇠ 2 to 4 between 2 and 30 TeV, respectively.

– 24 –

Ackermann et al. [1501.05464]

Fermi measurement of isotropic background can be converted 
into limits on dark-matter annihilation
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GeV Photon Excess

Daylan et al. [1402.6703]

Goodenough and Hooper [0910.2998] 
Hooper and Goodenough [1010.2752] 
Boyarsky, Malyshev, Ruchayskiy [1012.5839] 
Hooper and Linden [1110.0006] 
Abazajian and Kaplinghat [1207.6047] 
Gordon and Macias [1306.5725] 
Abazajian et al. [1402.4090] 
Daylan et al. [1402.6703] 
Calore, Cholis, and Weniger [1409.0042] 
Fermi Collaboration [1511.02938]

Observed at the Galactic Center 
and Inner Galaxy (≲ 10˚)

Constitutes ~10% total flux

High statistical significance
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0.5-1 GeV residual
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FIG. 7: Intensity maps (in galactic coordinates) after subtracting the point source model and best-fit Galactic di↵use model,
Fermi bubbles, and isotropic templates. Template coe�cients are obtained from the fit including these three templates and
a � = 1.3 DM-like template. Masked pixels are indicated in black. All maps have been smoothed to a common PSF of 2
degrees for display, before masking (the corresponding masks have not been smoothed; they reflect the actual masks used in
the analysis). At energies between ⇠0.5-10 GeV (i.e. in the first three frames), the dark-matter-like emission is clearly visible
around the Galactic Center.

V. THE GALACTIC CENTER

In this section, we describe our analysis of the Fermi

data from the region of the Galactic Center, defined as
|b| < 5�, |l| < 5�. We make use of the same Pass 7 data
set, with Q2 cuts on CTBCORE, as described in the pre-
vious section. We performed a binned likelihood analysis
to this data set using the Fermi tool gtlike, dividing
the region into 200⇥200 spatial bins (each 0.05�⇥0.05�),
and 12 logarithmically-spaced energy bins between 0.316-

10.0 GeV. Included in the fit is a model for the Galac-
tic di↵use emission, supplemented by a model spatially
tracing the observed 20 cm emission [45], a model for
the isotropic gamma-ray background, and all gamma-ray
sources listed in the 2FGL catalog [46], as well as the
two additional point sources described in Ref. [47]. We
allow the flux and spectral shape of all high-significance
(
p
TS > 25) 2FGL sources located within 7� of the

Galactic Center to vary. For somewhat more distant or
lower significance sources ( = 7� � 8� and

p
TS > 25,



The Signal
Approximately spherically symmetric, centered on Sgr A*

Energy spectrum is well-fit by dark matter
7

FIG. 6: Left frame: The spectrum of the dark matter component, extracted from a fit in our standard ROI (1� < |b| < 20�,
|l| < 20�) for a template corresponding to a generalized NFW halo profile with an inner slope of � = 1.18 (normalized to the
flux at an angle of 5� from the Galactic Center). Shown for comparison (solid line) is the spectrum predicted from a 43.0 GeV
dark matter particle annihilating to bb̄ with a cross section of �v = 2.25⇥10�26 cm3/s ⇥ [(0.4GeV/cm3)/⇢

local

]2. Right frame:
as left frame, but for a full-sky ROI (|b| > 1�), with � = 1.28; shown for comparison (solid line) is the spectrum predicted from
a 36.6 GeV dark matter particle annihilating to bb̄ with a cross section of �v = 0.75⇥ 10�26 cm3/s ⇥ [(0.4GeV/cm3)/⇢

local

]2.

of the Galactic plane; masking the region with |b| < 2�

changes the preferred value to � = 1.25 in our default
ROI, and � = 1.29 over the whole sky. In contrast to
Ref. [8], we find no significant di↵erence in the slope pre-
ferred by the fit over the standard ROI, and by a fit only
over the southern half (b < 0) of the ROI (we also find
no significant di↵erence between the fit over the full sky
and the southern half of the full sky). This can be seen
directly from Fig. 5, where the full-sky and southern-
sky fits for the same level of masking are found to favor
quite similar values of � (the southern sky distribution
is broader than that for the full sky simply due to the
di↵erence in the number of photons). The best-fit values
for gamma, from fits in the southern half of the standard
ROI and the southern half of the full sky, are 1.13 and
1.26 respectively.

In Fig. 6, we show the spectrum of the emission cor-
related with the dark matter template in the default
ROI and full-sky analysis, for their respective best-fit
values of � = 1.18 and 1.28.6 We restrict to energies
50 GeV and lower to ensure numerical stability of the
fit in the smaller ROI. While no significant emission is
absorbed by this template at energies above ⇠10 GeV,
a bright and robust component is present at lower en-
ergies, peaking near ⇠1-3 GeV. Relative to the analy-
sis of Ref. [8] (which used an incorrectly smoothed dif-
fuse model), our spectrum is in both cases significantly
harder at energies below 1 GeV, rendering it more con-

6 A comparison between the two ROIs with � held constant is
presented in Appendix A.

sistent with that extracted at higher latitudes (see Ap-
pendix A).7 Shown for comparison (as a solid line) is the
spectrum predicted from (left panel) a 43.0 GeV dark
matter particle annihilating to bb̄ with a cross section
of �v = 2.25 ⇥ 10�26 cm3/s ⇥ [(0.4GeV/cm3)/⇢

local

]2,
and (right panel) a 36.6 GeV dark matter particle anni-
hilating to bb̄ with a cross section of �v = 0.75 ⇥ 10�26

cm3/s ⇥ [(0.4GeV/cm3)/⇢
local

]2. The spectra extracted
for this component are in moderately good agreement
with the predictions of the dark matter models, yielding
fits of �2 = 44 and 64 over the 22 error bars between 0.3
and 50 GeV. We emphasize that these uncertainties (and
the resulting �2 values) are purely statistical, and there
are significant systematic uncertainties which are not ac-
counted for here (see the discussion in the appendices).
We also note that the spectral shape of the dark matter
template is quite robust to variations in �, within the
range where good fits are obtained (see Appendix A).

In Fig. 7, we plot the maps of the gamma-ray sky
in four energy ranges after subtracting the best-fit dif-
fuse model, Fermi Bubbles, and isotropic templates. In
the 0.5-1 GeV, 1-3 GeV, and 3-10 GeV maps, the dark-
matter-like emission is clearly visible in the region sur-
rounding the Galactic Center. Much less central emission
is visible at 10-50 GeV, where the dark matter compo-
nent is absent, or at least significantly less bright.

7 An earlier version of this work found this improvement only in
the presence of the CTBCORE cut; we now find this hardening
independent of the CTBCORE cut.

Daylan et al. [1402.6703]
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Figure 18. Left panel: Constraints on the h�vi-vs-m� plane for three di↵erent DM annihilation
channels, from a fit to the spectrum shown in figure 14 (cf. table 4). Colored points (squares) refer to
best-fit values from previous Inner Galaxy (Galactic center) analyses (see discussion in section 6.2).
Right panel: Constraints on the h�vi-vs-� plane, based on the fits with the ten GCE segments.
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Figure 19. Constraints on the h�vi-vs-m� plane at 95% CL, individually for the GCE template
segments shown in figure 15, for the channel �� ! b̄b. The cross indicates the best-fit value from a fit
to all regions simultaneously (m� ' 46.6 GeV, h�vi ' 1.60 ⇥ 10�26 cm3 s�1). Note that we assume a
NFW profile with an inner slope of � = 1.28. The individual p-values are shown in the figure legend;
the combined p-value is 0.11.

mass fixed at 49 GeV. This plot is based on the fluxes from the segmented GCE template,
see figure 16. As expected, the cross-section is strongly correlated with the profile slope. We
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Calore, Cholis, & Weniger [1409.0042]



Diffuse Background

Pion Emission

boosted pion
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High-energy γ-rays produced from cosmic rays propagating in the Galaxy

Depends on location of cosmic-ray sources and on the gas distribution

Modeling of diffuse emission in the Inner Galaxy is uncertain;  
local measurements do not set very tight constraints in this region



Diffuse Background
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segments used in our morphology anal-
ysis, see table 3.

#ROI Definition ⌦ROI [sr]

I, II
p
`2 + b2 < 5�, ±b > |`| 6.0⇥ 10�3

III, IV 5� <
p
`2 + b2 < 10�, ±b > |`| 1.78⇥ 10�2

V, VI 10� <
p
`2 + b2 < 15�, ±b > |`| 2.93⇥ 10�2

VII, VIII 5� <
p
`2 + b2 < 15�, ±` > |b| 3.54⇥ 10�2

IX 15� <
p
`2 + b2 < 20� 1.51⇥ 10�1

X 20� <
p
`2 + b2 1.01⇥ 10�1

Table 3. Definition of the ten GCE segments that are
shown in figure 15, as function of Galactic latitude b and
longitude `, together with their angular size ⌦ROI.

the fit. The definition of the segments aims at studying the symmetries of the GCE around
the GC: Allowing regions in the North (I, III, and V) and South (II, IV, and VI) hemisphere,
as well as in the West (VII) and East (VIII) ones, to vary independently, we can test the
spectrum absorbed by the GCE template in the di↵erent regions of the sky. Moreover, with
the same segments, we can investigate its the extension in latitude.

To facilitate the study of morphological properties of the excess, we furthermore allow
additional latitudinal variations in the ICS components of the individual GDE models. We
split our ICS component into nine ICS segments, corresponding to 9 latitude strips with
boundaries at |b| = 2.0�, 2.6�, 3.3�, 4.3�, 5.6�, 7.2�, 9.3�, 12.0�, 15.5� and 20�. We then allow
the normalization of the ICS strips to vary independently, though we keep the normalization

– 30 –

Calore, Cholis, and Weniger [1409.0042]

Evidence for excess emission may be robust even under uncertainties 
in diffuse emission models



Astrophysical Sources

Unresolved young and millisecond pulsars can potentially  
mimic a dark-matter signal

12

FIG. 7: The spatial distribution of 2 GeV gamma rays from unresolved pulsars in one realization for each of our four models, with 2

� around
the GP masked. The panels show, from the top-left, our Fiducial Model, our Scatter Model, our Beamed Model, and the 20⇥-enhanced MSP
Model. These do not include any other Galactic emission and the brightest regions are most subject to variation in a single realization.
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Young Pulsars Millisecond Pulsars

Brandt and Kocsis [1507.05616]; O’Leary et al. [1601.05797]
Hooper et al. [1305.0830]; Cholis, Hooper, Linden [1407.5583, 1407.5625]

O’Leary et al.



Inner Galaxy Analysis
Photon count statistics can distinguish point sources from dark matter  

Excess flux in the Inner Galaxy can be explained by a population
of unresolved point sources 

Lee, ML, Safdi, Slatyer, Xue [1506.05124]
Bartels, Krishnamurthy, Weniger [1506.05104]
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What are these point sources?
We can identify the most likely regions in the Inner Galaxy  

that contain these unresolved  sources 
…a critical step for multi-wavelength follow-up studies

Lee, ML, Safdi, Slatyer, Xue [1506.05124]



Indirect Detection: Challenges

Astrophysical backgrounds = Large Systematic Uncertainties

Challenging to model theoretically  
(e.g., cosmic ray diffusion)

New surprises as experimental sensitivities continue to improve 
(e.g., millisecond pulsars)

Correlate gamma-ray signal with large-scale structure that 
traces the DM signal

How will we ever know that we have discovered dark matter?

Signal detection in more than one target

ML, Mishra-Sharma, Rodd, Safdi [in progress] 



The Redshift Axis

z

Different classes of astrophysical sources are expected to  
dominate at different redshifts

e.g., SFGs at z~2 and dark matter at z≲0.3

Fermi map is the sum total of all these contributions, and 
does not distinguish redshift of origin for γ-rays

To select out individual components, Fermi 
must be correlated with maps that are 

associated with a given redshift 

Ando et al. [1312.4403] 
Xia et al. [1503.05918] 

Cuoco et al. [1506.01030]
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LHC Indirect

Both the LHC and indirect detection experiments are sensitive to  
WIMPs, but have separate advantages

Controlled environment Challenging systematic uncertainties; 
Uncertainties in halo profiles

More challenging to detect dark  
matter that only interacts leptonically

Sensitive to all dark-matter interactions  
with Standard Model

Better for lighter dark matter May be the only option for TeV-scale 
dark matter

No sensitivity if DM annihilation is 
absent today (e.g., asymmetric DM)

Strongly interacting DM can  
look a lot like QCD



Wino Dark Matter

The neutralino is a Majorana fermion and SM singlet

� = c1 eB + c2fW + c3 eH0
u + c4 eH0

d
gauginos higgsinos

�± = a1fW± + a2 eH±

Comes along with a SM triplet

The neutralino is the dark matter in many supersymmetric models



Wino Dark Matter

The neutralino is a Majorana fermion and SM singlet

� = c1 eB + c2fW + c3 eH0
u + c4 eH0

d
gauginos higgsinos

�± = a1fW± + a2 eH±

Comes along with a SM triplet

Winos do not couple to Higgs — direct detection challenging

Neutral and charged states are nearly degenerate in mass
M�± �M� ' 0.16 GeV

The neutralino is the dark matter in many supersymmetric models



LHC limits

and the previous ATLAS search [8] are indicated. The analysis is not performed for signals having
τχ̃1 > 10 ns (corresponding ∆mχ̃1 being below the charged pion mass) because a significant fraction
of charginos would traverse the ID before decaying, thereby reducing the event selection efficiency. In
these scenarios the charginos are considered as stable particles and the main search tool would be to
look for tracks with anomalous ionization energy loss [36]. In comparison with the previous result, the
sensitivity to charginos having τχ̃±1 < 1 ns is significantly improved and the exclusion reach is extended
by ∼ 200 GeV.

Fig. 7 shows the constraint on the ∆mχ̃1–mχ̃±1 parameter space of the minimal AMSB model; the
expected 95% CL exclusion reaches 245+25

−30 GeV for ∆mχ̃1 ∼ 160 MeV. The limits on τχ̃±1 are converted
into limits on ∆mχ̃1 following Ref. [37]. The theoretical calculation of ∆mχ̃1 at two-loop level [38] is also
indicated in the figure. A new limit of mχ̃±1 < 270 GeV (corresponding ∆mχ̃1 and τχ̃±1 being ∼ 160 MeV
and ∼ 0.2 ns, respectively) at 95% CL is set in the AMSB models.
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Figure 6: The constraint on the τχ̃±1 –mχ̃±1 space for tan β = 5 and µ > 0. The black dashed line shows the
expected limits at 95% CL, with the surrounding shaded bands indicating the 1σ exclusions due to exper-
imental uncertainties. Observed limits are indicated by the solid bold contour representing the nominal
limit and the surrounding shaded bands are obtained by varying the cross-section by the theoretical scale
and PDF uncertainties. The previous result from Ref. [8] and the combined LEP2 exclusion at 95% CL
are also shown on the left by the dotted line and the shaded region, respectively.

9 Conclusions

The results from a search for charginos nearly mass-degenerate with the lightest neutralino based on the
high-pT disappearing-track signature are presented. The analysis is based on 20.3 fb−1of pp collisions

11

Searches for disappearing charged tracks probe winos up 
to ~few hundred GeV

p p

j

�
�+

�⇡+

Disappearing 
track

ATLAS-CONF-2013-069



Thermal Winos

Continuum Photons

�

�

W

W

�±

Photon Line

�

�

�

�
W �±

Wino annihilation gives both a line and continuum signature

~3.1 TeV winos can constitute all of the dark matter density 

�

�

�

�
W �±...

Sommerfeld enhancement in annihilation cross section at TeV masses



H.E.S.S.
High Energy Stereoscopic System

Ground-based telescope array that measures high-energy 
photons from Cherenkov showers in the atmosphere

Search for γ-ray lines within 1∘of GC 

600 GeV < Mχ< 24 TeV

HESS Collaboration [1301.1173]



Wino Exclusions

Cohen, ML, Pierce, Slatyer [1307.4082] 
Fan and Reece [1307.4400] 
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H.E.S.S. can exclude thermal wino dark matter for most 
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Summary

Indirect detection searches provide an excellent way 
to test the thermal dark matter hypothesis

Fermi observations becoming sensitive to weak-scale, 
thermal dark matter

Indirect detection complementary to LHC searches;  
pros/cons in either case, however indirect detection may be the only 

option for some TeV-scale candidates


