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A Changing Dark Matter Landscape
! Over the past few years, the attitudes of many within the dark matter

community have noticeably shifted; driven in large part by the fact that
dark matter particles have not yet been observed in underground
detectors, or at the LHC
! My personal view is that this is response is
somewhat premature; I continue to find
WIMPs very compelling
! That being said, if a discovery does not
occur within the next decade or so, it will
force us to revisit our ideas about what
the dark matter is likely to be
made up of
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Direct Detection (scattering with nuclei)
• A GeV-TeV particle moving a typical

halo velocities (~300 km/s) striking a
nucleus imparts a recoil of ~1-100 keV;
potentially observable combinations of
scintillation, ionization and phonons
• Current state-of-the-art experiments
make use of ton-scale targets of heavy
nuclei, instrumented and located deep
underground to minimize backgrounds

The LUX Experiment
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Direct Detection
• Over the past 15 years, constraints from direct detection experiments have

improved with a Moore’s-law like behavior (a factor of 2 every 15 months)
• Some important benchmarks:
-1990s: Experiments excluded
the cross sections predicted for a
WIMP that scatters and annihilates
through Z-exchange
-Current and recent experiments
are testing WIMPs that interact
through Higgs exchange
(including many SUSY models)
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The Future of Direct Detection

• Further extending the reach of LUX are planned large

volume liquid xenon experiments, XENON1T and LZ
• In parallel, SuperCDMS, DAMIC, CRESST and other experiments will
advance our sensitivity to low-mass WIMPs
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The Motivation for Indirect Searches
! To account for the observed dark matter

abundance, a thermal relic must have an
annihilation cross section (at freeze-out)
of σv~2x10-26 cm3/s
! Although many model-dependent factors
can cause the dark matter to possess a
somewhat lower annihilation cross
section today, most models predict
current annihilation rates that are within
an order of magnitude or so of this
estimate
! Indirect detection experiments that are
sensitive to dark matter annihilating at
approximately this rate will be able to test
a large fraction of WIMP models

Fermi

AMS-02
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Where To Look With Fermi?
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Where To Look With Fermi?
The Galactic Center
-Brightest dark matter signal on the
sky; significant backgrounds

9: The raw gamma-ray maps (left) and the residual maps after subtracting the best-fit Galactic di↵use model, 20 cm
plate, point sources, and isotropic template (right), in units of photons/cm2 /s/sr. The right frames clearly contain a
ficant central and spatially extended excess, peaking at ⇠1-3 GeV. Results are shown in galactic coordinates, and all maps
been smoothed by a 0.25 Gaussian.
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Dwarf Spheroidal Galaxies
-Faint, but low background
-Direct measurements of dark matter profiles

The Galactic Center
-Brightest dark matter signal on the
sky; significant backgrounds
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Where To Look With Fermi?
Dwarf Spheroidal Galaxies
-Faint, but low background
-Direct measurements of dark matter profiles

The Galactic Center
-Brightest dark matter signal on the
sky; significant backgrounds

The Gamma-Ray Background
-Largely from blazars, radio galaxies, starforming galaxies;
but still room for dark matter

Searches for Nearby Subhalos
-Population studies of unidentified Fermi sources
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We Are Testing the Thermal Relic Paradigm!
! Each of these gamma-ray strategies (GC, dwarfs, subhalos, EGRB) as

well as cosmic-ray antiproton and positron measurements from AMS,
are sensitive to dark matter with the annihilation cross section predicted
for a simple thermal relic, for masses up to ~100 GeV
! This program is not a fishing expedition, but is testing a wide range of
well-motivated dark matter models
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3. Upper arXiv:1306.3983
limits (95% CL) on the DM annihilation cross
Weniger,

section, as derived from the AMS positron fraction, for various
final states (this work), WMAP7 (for ℓ+ ℓ− ) [44] and Fermi
LAT dwarf spheroidals (for µ+ µ− and τ + τ − ) [43]. The dotted

4

ing a band around the e+ e− constraint, corresponding
to the range Urad + UB = (1.2 − 2.6) eV cm−3 , and
−3
ρ⊙
[61, 74] (note that the form
χ = (0.25 − 0.7) GeV cm
of the DM profile has a much smaller impact). Uncertainty bands of the same width apply to each of the other
final states shown in the figure, but are not explicitly
shown for clarity. Other diﬀusion parameter choices impact our limits only by up to ∼10%, except for the case
of low DM masses, for which the eﬀect of solar modulation may be increasingly important [53, 75]. We reflect
this in Fig. 3 by depicting the limits derived in this less
certain mass range, where the peak of the signal e+ flux
(as shown in Fig. 1) falls below a fiducial value of 5 GeV,
with dotted rather than solid lines.
For comparison, we have also considered a collection
Fermi
Collaboration, Dwarf Galaxies
of physical background models in which we calculated
arXiv:1503.02641
the
expected primary and secondary lepton fluxes using
GALPROP, and then added the contribution from all
galactic pulsars. While this leads to an almost identical
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The Galactic Center GeV Excess
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! A bright and highly statistically significant excess

of gamma-rays has been observed from the
region surrounding the Galactic Center, difficult
to explain with astrophysical sources or
mechanisms, but very much like the signal
predicted from annihilating dark matter

DH, Goodenough (2009, 2010), DH, Linden (2011),
Daylan et al (2014) Calore, Cholis, Weniger (2014)

FIG. 10: The raw gamma-ray maps (left)
and10:
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residual
maps after maps
subtracting
the the
best-fit
Galactic
model, 20 cm
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Basic Features of the GeV Excess
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and masking out
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FIG. 5: The variation in the quantity 2 ln L (referred to
as TS) extracted from the likelihood fit, as a function of the
inner slope of the dark matter halo profile, . All values are
relative to the result for the best-fit (highest TS) template,
and positive values thus indicate a reduction in TS. Results
are shown using gamma-ray data from the full sky (solid line)
and only the southern sky (dashed line). Unlike in the analysis
of Ref. [8], we do not find any large north-south asymmetry
in the preferred value of .

dark matter template dramatically improves the qualfunction are properly taken into account.3 Because the
ity of the fit to the Fermi data. For the best-fit specGalactic di↵use model template is much brighter than
trum and halo profile, we find that the inclusion of
the other contributions in the region of interest, relatively
the dark matter template improves the formal fit by
small errors in its smoothing could potentially bias our
FIG. 6: Left frame: The spectrum of the dark matter component,
a fit in
our standard
ROI (1
|b| < 20
,
TS⌘ extracted
2 ln L from
' 1100
(here
TS stands
for<“test
statisresults. However,
templates
are much
fainter, NFW
|l| < 20the
) forother
a template
corresponding
to a generalized
halo profile with an inner slope of = 1.18 (normalized to the
corresponding to a statistical preference greater
and so we simply
a 5Gaussian
smoothing,
with
a for tic”),
flux atperform
an angle of
from the Galactic
Center).
Shown
comparison (solid line) is the spectrum predicted from a 43.0 GeV
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Sure there seems to be a Galactic Center excess, but
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The Evolving Nature of the Galactic Center Debate
Circa 2009-2010
What Galactic Center excess?

Circa 2011-2013
Sure there seems to be a Galactic Center excess, but
1) Are we sure that it is spatially extended?
2) Are we mismodeling standard diffuse emission mechanisms?
3) Is there really a Galactic Center excess?

Circa 2014-2015
What is generating this excess?
1) A large population of centrally located millisecond pulsars?
2) A series of recent cosmic ray outbursts?
3) Annihilating dark matter?
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A Series of Cosmic Ray Outbursts?
! It has been proposed that the recent (~106 yrs) burst-like injection of

cosmic rays might be responsible for the excess
! Hadronic scenarios predict a
signal that is not at all spherical;
highly incompatible with the data
! In more generality, the smallscale structure of excess does
not correlate with the distribution
of gas – this is incompatible with
any hadronic cosmic ray origin
FIG. 3 (color online). Hadronic
of the excess

gamma-ray flux density at 2 GeV from an ap
protons integrated over the line of sight. We show impulsive sources of increasing age in
right which shows a continuously emitting source in steady state. For each map, the fluxes
of comparing the morphology of the claimed GCE in Ref. [21] shown in their fig. 9, we em
The three lower panels employ, instead, a logarithmic scale to enhance the features of th
Also overlaid are reference reticles in increments of two degrees and indicators of the Gala
smoothed by a Gaussian of width σ ¼ 0.25∘ to match Ref. [21].

Carlson, Profumo, PRD, arXiv:1405.7685,
Petrovic, Serpico, Zaharijas, arXiv:1405.7928

023015-7
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A Series of Cosmic Ray Outbursts?
! The leptonic scenario proposed by Petrovic et al. is more difficult to rule out
! After exploring a wide range of leptonic outburst scenarios, there appear to

be two main challenges (among others):

Petrovic, Serpico, Zaharijas, arXiv:1405.7928
Cholis, Evoli, Calore, Linden, Weniger, DH, arXiv:1506.05104
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A Series of Cosmic Ray Outbursts?
! The leptonic scenario proposed by Petrovic et al. is more difficult to rule out
! After exploring a wide range of leptonic outburst scenarios, there appear to

be two main challenges (among others):
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1) The morphology from a given
outburst is “convex”, whereas the
data is “concave” – to fit the data,
we need several outbursts, with
highly tuned parameters

~1051 erg, ~106 yr

Angle from the Galactic Center
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! The leptonic scenario proposed by Petrovic et al. is more difficult to rule out
! After exploring a wide range of leptonic outburst scenarios, there appear to

be two main challenges (among others):
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1) The morphology from a given
outburst is “convex”, whereas the
data is “concave” – to fit the data,
we need several outbursts, with
highly tuned parameters

~1050 erg, ~105 yr
~1051 erg, ~106 yr

Angle from the Galactic Center
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! After exploring a wide range of leptonic outburst scenarios, there appear to

be two main challenges (among others):
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A Series of Cosmic Ray Outbursts?
! The leptonic scenario proposed by Petrovic et al. is more difficult to rule out
! After exploring a wide range of leptonic outburst scenarios, there appear to

be two main challenges (among others):

Log [ Flux ]

1) The morphology from a given
outburst is “convex”, whereas the
data is “concave” – to fit the data,
we need several outbursts, with
highly tuned parameters
2) The gamma-ray spectrum is
approximately uniform across the
Inner Galaxy, but energy losses
should lead to softer emission from
the outer regions – to fit the data,
we need the older outbursts to
inject electrons with higher energies
than more recent outbursts

~1048 erg, ~103 yr
~1049

erg,

~104

Softer Spectra

yr

~1050 erg, ~105 yr
~1051 erg, ~106 yr
Hard Spectrum

Angle from the Galactic Center

Petrovic, Serpico, Zaharijas, arXiv:1405.7928
Cholis, Evoli, Calore, Linden, Weniger, DH, arXiv:1506.05104
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Millisecond Pulsar Basics
! Pulsars are rapidly spinning neutron

!

!

!

!

stars which gradually convert their
rotational kinetic energy into radio and
gamma-ray emission
Typical pulsars exhibit periods on the
order of ~1 second and slow down and
become faint over ~106 -108 years
Accretion from a companion star can
“spin-up” a dead pulsar to periods as
fast as ~1.5 msec
Such millisecond pulsars have low
magnetic fields (~108-109 G) and thus
slow down much more gradually,
remaining bright for >109 years
It seems plausible that large numbers of
MSPs could exist in the Galactic Center
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Gamma-Rays From Millisecond Pulsars
ered in Ref. [47]
do not yield spectra that are compat! Fermi has observed
gamma-ray
Field
1000

2

11

Field
1000
ible with the observed emission)
[3, 4,Systems
6]. In the case
Observed
Observed Systems
of a burst dominated
by high-energy
Extrapolate
dN/dlog(L) =cosmic
const. ray elecExtrapolate dN/dlog(L) = const.
100in contrast, such an event could potentially yield
100
trons,
a somewhat more spherically symmetric distribution of
10
10
gamma-rays
(due to their inverse Compton scattering
with radiation rather than with the disk-like distribution
of gas)1 [50], although the accompanying bremsstrahlung
1
emission would be disk-like. It is very diﬃcult, however,
to simultaneously
account for the observed spectrum and
0.1
0.1
morphology of the gamma-ray excess in such a scenario.
Furthermore,
the energy-dependance of diﬀusion would
0.01
0.01
lead to a more spatially extended distribution at higher
energies, in contrast to the energy-indepenent morphol0.001
0.001
2
ogy reported
Ref. [1].
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The second category of proposed astrophysical explaγ-ray Luminosity (erg/s)
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nations for the gamma-ray excess are scenarios involving
FIG. 1: The measured spectral shape (blue error bars) and
a large population of unresolved gamma-ray sources. Milbest fit parameterizaation
(blue dashed) of the stacked
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[54] (black
shape that is similar
to that dN/dlog(L)
of the observed
Extrapolate
= const.excess, and
Extrapolate
dN/dlog(L)
= const. exdashed) compared to that
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10 and the spectrum predicted from a 35.5 GeV
ror bars) [54],
tion of millisecond pulsars in the Milky Way, and use
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this information
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to account for the observed gamma-ray excess.
The
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0.1 Measured Spectra of Millisecond Pulsars: We have
0.1unbiased sample of MSPs. The spectra obrecently reported measurements of the gamma-ray specserved from Fermi’s globular clusters (shown in Fig. 1
tra 0.01
of 61 MSPs observed by the Fermi Gamma-Ray
as red error
0.01 bars [54]) is even softer than that from
Space Telescope, using data collected over a period of
MSPs [54], however, and provides a very poor fit to the
5.6 years [54]. The best-fit spectrum of this collection
observed
excess.
0.001
0.001
of (stacked)
shown 1e+33
in Fig. 1,
and compared
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similar to that observed from MSPs, and this comparison
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gamma-ray
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in the text.
The
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of error
the Galactic
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CORE, however, the shape of the low-energy spectrum
Fermi,
excluding
those residing
in globular
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(seespecSec. IV A). The red and blue bands represent the luminosity function
excess.
At energies
below ⇠1
GeV, however,
is much more robust to variations in analysis procedure.
determined
using gamma-ray
and
observations
of theis globular cluster 47 Tucanae (see Sec. IV B). In each frame, the red
trum observed
from MSPs
is X-ray
significantly
softer than
And while imperfections in the diﬀuse emission model
band exhibited
denotes the
by luminosity
the excess. function accounting only for the 17 MSPs observed in X-rays, whereas the blue band accounts for
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emission from ~70 MSPs – none of
which are located near the Galactic
Center
! Their average observed spectra is
similar to that of the Galactic Center
excess – this is the main reason that
MSPs have been considered as a
possible explanation for the excess
! The luminosity function of MSPs has
been measured from the observed
population (both for those MSPs in the
field of the Galaxy and within globular
clusters)

Cholis, DH, Linden, arXiv:1407.5625, 1407.5583
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Could Millisecond Pulsars Generate the
Galactic Center Excess?
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FIG. 6: The MSP gamma-ray luminosity function as calculated using the two independent and complementary techniques
described in the text. The error bars denote the luminosity function determined from the population of MSPs observed by
Fermi, excluding those residing in globular clusters (see Sec. IV A). The red and blue bands represent the luminosity function

to compute both the posteriors and the evidence for models M that include various subsets of the parameters ✓. We
use the MultiNest package for the Bayesian calculations [25, 26].

B.
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Data Selection Criteria

Evidence For Unresolved Point Sources?

The NPTF analysis was performed using the Extended Pass 7 Reprocessed Fermi data from ⇠August 4, 2008
to ⇠December 5, 2013 made available by [11]. Ultraclean front-converting events with zenith angle less than 100
and “DATA QUAL==1 && LAT.CONFIG==1 && ABS(ROCK.ANGLE) < 52” are selected, and a Q2 cut on the CTBCORE
parameter is used to remove events with poor directional reconstruction. The main body of the Report focused
primarily on two regions of interest: a high-latitude analysis with |b| 30 and an IG analysis that included all pixels
within 30 of the GC, with |b|
2 . These regions are shown in Fig. S1. When masking identified PSs from the
Fermi 3FGL catalog [15], all pixels within 5 ⇥ 0.198 of the source are excluded. This mask is sufficiently large to
completely contain the flux from the majority of the PSs; the results do not qualitatively change as the mask size is
varied, for example, to 7 ⇥ 0.198 .

! Two recent studies find that ~1-10 GeV photons from the direction of the

50

Inner Galaxy are more clustered than expected, suggesting that the GeV
excess might be generated by a population of unresolved point sources

counts
counts

latitude [degrees]

50

0

0

counts

longitude [degrees]

FIG. S1: The counts map for the high-latitude (|b| 30 ) analysis (clipped0at 15 counts)counts
is shown in the left
50panel. The IG
analysis focuses on the region within 30 of the GC, with |b| 2 . The associated counts map (clipped at 50 counts) is shown
in the right panel. All pixels within ⇠1 of known Fermi 3FGL sources are masked.

Lee, Lisanti, Safdi, Slatyer, Xue, arXiv:1506.05124
(see also Bartels, Krishnamurthy, Weniger, arXiv:1506.05104)
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Evidence For Unresolved Point Sources?
Lee et al.’s Conclusions include the following:
1) The brightest sources (including those in source catalogs) are distributed
along the disk – not tracing the excess
2) The fit suggests that the GeV excess could be generated by ~103
unresolved sources, most with a flux that is just slightly below Fermi’s
threshold for point source detection
Excess-Like
Population
Disk-Like
Population

Lee, Lisanti, Safdi, Slatyer, Xue, arXiv:1506.05124
(see also Bartels, Krishnamurthy, Weniger, arXiv:1506.05104)
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Evidence For Unresolved Point Sources?
A few comments of my own:
! It is difficult to tell whether these clustered gamma-rays result from

unresolved sources, or from backgrounds that are less smooth than the
models
! Keep in mind that these clusters consist of only a few photons each, on
top of large and imperfectly known backgrounds
! These studies do not make use of any spectral information (they use
only a single energy bin); whether these putative sources have a
spectrum that matches that of the excess will be an important test

Lee, Lisanti, Safdi, Slatyer, Xue, arXiv:1506.05124
(see also Bartels, Krishnamurthy, Weniger, arXiv:1506.05104)
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Are These Sources Millisecond Pulsars?
! The measured luminosity function of MSPs is very different from that of this

new putative source population
! Where are all of the bright MSPs? (bright sources are disk-like, not DM-like)

MSP
Luminosity
Function

Lee, Lisanti, Safdi, Slatyer, Xue, arXiv:1506.05124
(see also Bartels, Krishnamurthy, Weniger, arXiv:1506.05104)
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Are These Sources Millisecond Pulsars?
! The measured luminosity function of MSPs is very different from that of this

new putative source population
! Where are all of the bright MSPs? (bright sources are disk-like, not DM-like)
! If these are point sources, they are
very weird point sources
! A new class of standard candles?!
MSP
– 68% possess luminosities within
Luminosity
a factor of 2 (ΔM ~ 0.4)
Function

Lee, Lisanti, Safdi, Slatyer, Xue, arXiv:1506.05124
(see also Bartels, Krishnamurthy, Weniger, arXiv:1506.05104)
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Are These Sources Millisecond Pulsars?
! The measured luminosity function of MSPs is very different from that of this
!
!
!

!

new putative source population
Where are all of the bright MSPs? (bright sources are disk-like, not DM-like)
If these are point sources, they are
very weird point sources
A new class of standard candles?!
MSP
– 68% possess luminosities within
Luminosity
a factor of 2 (ΔM ~ 0.4)
Function
Furthermore, these gamma-ray
clusters show no correlation with the
locations of known radio pulsars
(T. Linden, arXiv:1509.02928)

Lee, Lisanti, Safdi, Slatyer, Xue, arXiv:1506.05124
(see also Bartels, Krishnamurthy, Weniger, arXiv:1506.05104)
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What’s Next?
! After years of effort, the origin of the Galactic Center excess remains

unclear – it looks a lot like annihilating dark matter, but we can’t
entirely rule out other possibilities
! How do we go from establishing a very intriguing signal, to being
able to claim discovery?
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Dwarf Galaxies
! The most recent analysis by the Fermi Collaboration (making use of 6

years data) remains compatible with a dark matter interpretation of the
Galactic Center excess
! That being said, if the Galactic
Center signal is coming from
annihilating dark matter, one
might expect gamma rays from
dwarfs to be detected soon

Fermi Collaboration, 1503.02641

Milky Way Companions
Hooper – The Search For Dark Matter
Found in Two Years ofDanDES
Data
Stellar density field from
SDSS and DES

Blue = Known prior to 2015
Red triangles = DES Y2Q1 candidates
Red circles = DES Y1A1 candidates
Green = Other new candidates

Drlica-Wagner et al. 2015
arXiv:1508.03622

DES footprint in Galactic coordinates (~5000 deg2)
Reticulum II, Tucana III, and Cetus II are each nearby (~25-30 kpc)
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dwarfs yet,
No statistically
found recently
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Peak local significances of 2 to 3 ! for a few
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alactic Center excess (for comparison, the Galactic Center excess is well-fit by dark matt
nnihilating to bb̄ for masses of 36–55 GeV [1, 58]). Dan Hooper – The Search For Dark Matter
Numerical simulations such as the Aquarius Project [39] and Via Lactea II [45] hav
ch identified and studied expansive populations of subhalos residing within the halos
ilky Way-like galaxies. Aquarius, for example, resolves their subhalo population down
asses of! The
3.24 Milky
⇥ 104Way’s
M [39].
canhalo
use is
the
results of such simulations (extrapolated
darkWe
matter
predicted
to contain
a huge
of smaller
subhalos,
clude subhalos
below
theirnumber
resolution)
to estimate
how many dark matter subhalos shou
the as
vast
majority ofsources
which are
too small
detectable
gamma-ray
by Fermi,
as to
a function of the annihilation cross sectio
retainthe
gas
and formdescribed
stars, leading
a updated to implement the mass-concentr
Following
approach
in Ref.to[29],
population
of invisible
dark matter
clumps for the number of subhalos predicted
lationship
of Ref. [41],
we calculate
an estimate
! The by
most
massive
nearby
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detectable
Fermi.
Forand
a 40
GeV of
dark
matter particle annihilating to bb̄, for exam
objects
be detectable
spatially
e, we predict
thecould
following
number as
of high-latitude
(|b| > 20 ) subhalos which generate
gamma-ray
sources,
without
mma-rayextended
flux above
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observable emission at other wavelengths
◆1.5
✓
◆
– a population of such ✓
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be
a
smoking
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v
Fthreshold dark matter
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.
(5.
! Using the results
of ⇥
the Aquarius
we
3s 1
9 cmestimate
2 s 1 the number
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of bright, |b|>20° subhalos that Fermi should detect:
✓
◆1.5 ✓
◆
v
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.
(5.
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Nearby Dark Matter Subhalos

Although uncertainties in the subhalo concentrations
and tidal stripping introduce u
Bertoni, DH, Linden, 1504.02087
rtainties at the level of a factor of a few, we consider thisBertoni,
to represent
a reasonable
DH, Linden,
in prep. estima
r the number of dark matter subhalos that we might expect Fermi to observe. For an annih
tion cross section near the upper limit derived from observations of dwarf spheroidal gala
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The Intriguing Source 3FGL J2212.5+0703
! The Fermi source 3FGL J2212.5+0703

is a very promising subhalo candidate
! This bright, high-latitude source has a
Galactic Center-like spectrum and is
not observed at any other wavelengths
Figure important,
2. Residual mapsthis
of thesource
5 ⇥ 5 region
surrounding
! More
appears
to3FGL J2212.5+0703. The left frame is
unsmoothed, whereas the center and right frames have been smoothed with a Gaussian function with
be
spatially
by
~0.2° (~4σ)
a smoothing
lengthextended
of 4 or 9 pixels,
respectively.

This source merits
greater attention
and scrutiny!

J2212.5+0703

Example Point Source

l maps of the 5 Figure
⇥ 5 region
surrounding
3FGL
The
left frame iswhich exhibits no evidence of spatial
3. As
in Fig. 2, but
for J2212.5+0703.
the source 3FGL
J1119.9-2204,
as the center andextension.
right frames
have
been smoothed
with aofGaussian
function
This
is shown
as an example
a point-like
Fermiwith
source.
Bertoni,
DH, Linden, 1504.02087;
of 4 or 9 pixels, respectively.

3

and in prep.

Testing the Statistical Significance and Robustness of 3FGL J2212.5+0703’s
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Summary
! Direct detection experiments have improved in sensitivity at an exponential

rate over the past 15 years, and have ruled out many well-motivated
models; many others will be explored over the next decade
! Indirect searches using gamma rays and cosmic rays are currently testing

the range of annihilation cross sections predicted for a thermal relic, for
masses up to ~100 GeV
! Direct, LHC, indirect searches are collectively testing the WIMP paradigm!
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Summary
! Direct detection experiments have improved in sensitivity at an exponential

rate over the past 15 years, and have ruled out many well-motivated
models; many others will be explored over the next decade
! Indirect searches using gamma rays and cosmic rays are currently testing

the range of annihilation cross sections predicted for a thermal relic, for
masses up to ~100 GeV
! Direct, LHC, indirect searches are collectively testing the WIMP paradigm!

! The Galactic Center’s GeV excess is particularly compelling:

highly statistically significant, robust, distributed spherically out to at
least 10° from the Galactic Center, and difficult to explain with known or
proposed astrophysics
! The spectrum and angular distribution of this signal is very well fit by a

~45 GeV WIMP; observations of dwarf galaxies and searches for subhalos
will be important to confirm a dark matter origin of this signal
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Axions
! Proposed in 1977 as part of an effort to solve the Standard Model’s

Strong CP problem, axions are among the best motivated candidates for
dark matter
! The first axion models
were quickly ruled out;
presently viable models
include axions with
masses below ~10-3 eV
and with extremely
feeble couplings

Essig et al., New Light Weakly Coupled
Particles Working Group, arXiv:1311.0029
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Axions as Dark Matter
! It is difficult to reliably calculate the abundance of axions produced in the

Big Bang – depends on the temperature of post-inflation reheating, and on
how many axions were produced in the decays of topological strings and
domain walls
! That being said, under reasonable assumptions, one finds that ~10-5 eV
axions could make up all of the dark matter
! The microwave cavity experiment ADMX is working to obtain sensitivity to
this mass range
! Fermilab is playing a
leading role in the
development of ADMX’s
high frequency cavities,
enabling them to push
toward higher masses
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Dark Matter at the LHC
! The LHC provides us with our most comprehensive view of the

TeV scale, possibly including the physics of dark matter
! Very different search strategies could be optimal, depending on
the nature of dark matter
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Dark Matter at the LHC
Case 1: Models with strongly interacting particles (typical SUSY-like)
! Produce colored superparticles (squarks, gluinos), and detect missing
energy in their decays
! Very powerful and broad coverage… if such strongly interacting states
exist below a few TeV
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Dark Matter at the LHC
Case 2: Models without strongly interacting partners
! Processes that allow dark matter particles to annihilate into Standard
Model particles in the early universe can be reversed in colliders
! Dark matter production leads to events with one or more jets and
missing energy (among many other possible signals)
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Dark Matter at the LHC
Case 2: Models without strongly interacting partners
! Processes that allow dark matter particles to annihilate into Standard
Model particles in the early universe can be reversed in colliders
! Dark matter production leads to events with one or more jets and
missing energy (among many other possible signals)
! In many models, dark matter interacts with the Standard Model through
new mediators, with masses near the electroweak-scale
! Searches for Z’s, additional Higgs bosons, sleptons, etc. have direct
consequences for dark matter
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Indirect Detection (annihilation/decay products)
X-Rays/Multi-Wavelength

Cosmic Rays
Neutrinos

Gamma Rays
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Figure 15. Geometry of the ten GCE Table 3. Definition of the ten GCE segments that are
segments used in our morphology anal- Figure
shown16.in Same
figure
15, as
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Galactic
latitude
and as illustrated in
as figure
14, function
but from a fit
the segmented
GCE btemplate
Figure 15. Geometry of the ten GCE Table 3.ysis,
Definition
that
areWe `,
15.
show
results forwith
GDE their
model Fangular
(black dots),
well
as
the
envelope
for all 60 GDE
see tableof3.the ten GCE segments figure
longitude
together
sizeas ⌦
.
ROI
models
(blue dotted lines) and the systematic errors that we derived from fits in 22 test regions along
segments used in our morphology anal- shown in figure 15, as function of Galactic latitude
b and
ysis, see table 3.
longitude `, together with their angular size ⌦ROIthe
. Galactic disk (yellow boxes, in analogy to figure 12). See figure 28 below for the spectra of all
components.

Calore, Cholis, Weniger, arXiv:1409.0042

the fit. The definition of the segments aims at studying the symmetries of the GCE around
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The Morphology of the Excess

12

! The excess is spherically symmetric with

respect to the Galactic Center, strongly
preferring axis-ratios within 20% of unity

FIG. 11: The variation in TS for the dark matter template, as performed in Sec. IV’s Inner Galaxy analysis (left frame) and
Sec. V’s Galactic Center analysis (right frame), when breaking our assumption of spherical symmetry for the dark matter
template. All values shown are relative to the choice of axis ratio with the highest TS; positive values thus indicate a reduction
in TS. The axis ratio is defined such that values less than one are elongated along the Galactic Plane, whereas values greater
than one are elongated with Galactic latitude. The fit strongly prefers a morphology for the anomalous component that is
approximately spherically symmetric, with an axis ratio near unity.
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! The excess is spherically symmetric with

respect to the Galactic Center, strongly
preferring axis-ratios within 20% of unity
! The excess extends to well outside of the
Galactic Center (out to at least 10°)

coefficients from this fit in order t
on the preferred value. Since
tially overlap upon smoothing, w
correlated errors of the maximu
add to the spectral errors in qu
interpolation of the best fit NFW
the solid line on the same figure.

We caution that systematic u

FIG. 11: The variation in TS for the dark matter template, as performed in Sec. IV’s Inner Galaxy analysis
(leftdi↵use
frame)model
and template
with the
Sec. V’s Galactic Center analysis (right frame), when breaking our assumption of spherical symmetry
for
the
dark
matter
toward somewhat steeper values
template. All values shown are relative to the choice of axis ratio with the highest TS; positive values thus
indicatefurther
a reduction
question
in Appendix A
in TS. The axis ratio is defined such that values less than one are elongated along the Galactic Plane, whereas
values
greater
increased values
of found for l
than one are elongated with Galactic latitude. The fit strongly prefers a morphology for the anomalous
component
thatdark
is matter slo
plausible
that the
approximately spherically symmetric, with an axis ratio near unity.

tance from the Galactic Center, f
by an Einasto profile [32].

FIG. 14: To constrain the degree to which the gamma-ray excess is spatially extended, we have repeated our Inner Galaxy
analysis, replacing the dark matter template with a series of
concentric ring templates centered around the Galactic Center. The dark-matter-like emission is clearly and consistently
present in each ring template out to ⇠10 , beyond which systematic and statistical limitations make such determinations
difficult. For comparison, we also show the predictions for a
generalized NFW profile with = 1.3. The spectrum of the

To address the same question
our Galactic Center analysis, we
fit using dark matter templates w
sity profiles which are set to zero
We find that templates correspon
set to zero outside of 800 pc (6
a fit that is worse relative to th
truncated template at the level o
respectively).

We have also tested our Gala
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To address the same question
our Galactic Center analysis, we
fit using dark matter templates w
sity profiles which are set to zero
We find that templates correspon
set to zero outside of 800 pc (6
a fit that is worse relative to th
truncated template at the level o
respectively).

FIG. 14: To constrain the degree to which the gamma-ray excess is spatially extended, we have repeated our Inner Galaxy
analysis, replacing the dark matter template with a series of
concentric ring templates centered around the Galactic Center. The dark-matter-like emission is clearly and consistently
present in each ring !template out to ⇠10 , beyond which systematic and statistical limitations make such determinations
Galactic Center Model: We can test models where the DM
difficult. For comparison, we also show the predictions for a
profile
from
position
of the
Galactic
generalized NFW profile
withis spatially
= 1.3. Theoffset
spectrum
of the
the true We
have also
tested
our Gala
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Evidence For Unresolved Point Sources?
! Lee et al. use smooth and point source population templates that trace the
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observed gamma-ray clusters most trace?

Lee, Lisanti, Safdi, Slatyer, Xue, arXiv:1506.05124
(see also Bartels, Krishnamurthy, Weniger, arXiv:1506.05104)
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Are These Sources Millisecond Pulsars?
! One interesting test is to see whether the gamma-ray clusters correlate

with the locations of known radio pulsars
! Compare the gamma-ray fluxes observed from the directions of ~200
known radio pulsars to those with (l ,b )
(-l ,b ), (l ,-b ), or (-l ,-b )

Control Directions

Direction of Known Pulsar

Tim Linden, arXiv:1509.02928
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