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“It will not go out of my mind that 
if we pass this post and lantern, 

either we shall find strange 
adventures or else some great 

changes of our fortunes.”

The Lion, the Witch, and the Wardrobe



Single Particle

Weakly Interacting

Mass ~102-3 GeV 

The WIMP paradigm has been the primary guide for the 
current dark matter experimental program

The Lamp Post

WIMP paradigm relies on a few basic assumptions:



Dark matter is in thermal equilibrium in early Universe, 
until its interactions “freeze-out”
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Spin-independent interaction due to Higgs exchange 

Dark matter scattering off nuclei in underground detector

Higgs Exchange
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W
eaker interactions

MeV to GeV masses

Next Frontiers



Questions to Explore

New model frameworks needed?

e.g., WIMPless, Asymmetric, SIMP dark matter 

New experimental strategies needed?

e.g., dark-matter-electron scattering

Changes to standard phenomenology?

e.g., gravitational focusing and effects on modulation phase

Essig, Mardon, Volansky [1108.5383]; Graham, Kaplan, Rajendran, Walters [1203.2531], 
Essig et al. [1206.2644]; Lee, ML, Safdi, Sharma [to appear]

Feng and Kumar [0803.4196], Nussinov [Phys. Lett. B]; Kaplan, Luty, and Zurek [0901.4117]; 
Hochberg, Kuflik, Volansky, and Wacker [1402.5143]

Lee, ML, Peter, and Safdi [1308.1953]  



Annual Modulation

Drukier, Freese, and Spergel [PRD]
Review: Freese, ML, Savage [1209.3339] 
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Standard Modulation Picture

Maximum scattering rate in June,
when Earth travels into ‘wind’

Griest, PRD 1988. 
Alenazi and Gondolo [astro-ph/0608390]

Lee, ML, Peter, and Safdi [1308.1953]  
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With Gravitational Focusing

Sun’s potential deflects incoming, 
unbound dark matter particles

Shifts the phase of the modulation



Example: SABRE
Proposed experiment using ultra-high purity NaI(Tl) crystals

Depending on threshold energy, the phase of a modulation 
signal can be affected by gravitational focusing

Shields, Xu, Calaprice [Phys. Procedia]  
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Direct Detection Probing Higgs- 
exchange region

Exploring MeV-GeV 
dark matter

Indirect Detection

Collider Searches



Dark Matter Annihilation
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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

Current limits probe thermal relic annihilation cross sections 
for weak-scale dark matter
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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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Heavy Relics
Limits from Cherenkov telescopes complement those from Fermi

Increased sensitivity to TeV-scale thermal relics
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H.E.S.S. Collaboration [1301.1173]
Cohen, ML, Pierce, Slatyer [1307.4082]



Bechtol et al. [1503.02584]; Koposov et al. [1503.02079].

Evidence for 8 new dwarf candidates 
from Dark Energy Survey

– 5 –

Fig. 1.— Locations of 27 known Milky Way satellite galaxies (blue; McConnachie 2012a) and eight

DES dwarf galaxy candidates (red) in Galactic coordinates (Mollweide projection). The coordinate

grid shows the equatorial coordinate system with 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

large contiguous region in the northern equatorial hemisphere shows the coverage of SDSS (Ahn

et al. 2014). The full DES footprint is outlined in red, and is now partially filled in by a region of

⇠ 1,600 deg2 near to the Magellanic Clouds and a region of ⇠ 200 deg2 overlapping with the SDSS

Stripe 82 field along the celestial equator. Both fields were observed during the first year of DES

and that compose the Y1A1 data set.

Known satellite galaxies DES candidates

New Targets

11

structure that the gamma-ray emission may have.

FIG. 6: Left: Counts map of the LMC region, in the energy range from 792MeV to 12.6GeV. Right: Model map of the
same region and for the same energy range created from the emission model (see text for details). Both maps are binned in
0.�1⇥ 0.�1 pixels and smoothed with a � = 0.�3 Gaussian kernel. The possible locations of the LMC center (Tab. I) are shown:
stellar (white circle with ⇥ cross), outer (orange circle with + cross), and HI (blue circle with +⇥ cross). Smoothed contours
of extended components of the background emission model are also shown: E0 (solid black lines), E1 (dashed black), E2 (white
dashed), E3 (white solid), and E4 (black dotted); the contours are drawn at 2% of the peak level for each of the extended sources.
Green stars mark the point-like objects PS1 to PS4 in our background emission model, orange stars are point sources in the
2nd Fermi-LAT point source catalog. Recall that the extended emission sources are correlated with the gas column density,
resulting in the irregular shapes. The e↵ective angular resolution can be inferred from the distribution of counts around the
point-like sources. Galactic di↵use emission is visible outside of the LMC region.

This model-building procedure resulted in an emission model with nine components: four point-like objects and
five extended components. The former are denoted PS1, PS2, PS3, and PS4, while we call the latter E0, E1, E2, E3,
and E4. The corresponding full model map is compared to the counts map in Figure 6, where the layout of the various
emission components is overlaid.

One point should be emphasized. By design, this iterative building of a model for the LMC aims to account for
any emission component, point-like or extended. Therefore, should any dark matter signal be present in the data,
part or all of it may be absorbed in one or more of the above mentioned (extended) components. A large part of our
e↵orts in our treatment of the statistical and systematic errors (Section V) will focus on placing conservative bounds
in just this case. Fortunately, the expected dark matter distributions presented in the previous section seem to di↵er
notably from the standard astrophysical background presented above. Additionally, the specific dark matter signal
spectra di↵er from the typical spectra we inferred for the various emission components. Nevertheless, this possible
bias should be kept in mind and will be discussed in detail.

IV. LAT INSTRUMENT AND DATA SELECTION

The Fermi LAT is a pair-conversion telescope: incoming gamma rays convert to e

+

e

� pairs that are tracked in the
instrument. The data analysis is event based; the energies and directions of the incoming gamma rays are estimated
from the tracks and energy depositions of the pair in the LAT. Detailed descriptions of the LAT and of its performance
can be found elsewhere [9, 112, 113].

For the analysis of a complicated region such as the LMC, the PSF is crucial for resolving the contributions from
di↵erent spatial components. The 68% containment radius of the PSF (R

68

) averaged over the LAT field-of-view is
⇠ 1� (⇠ 1.�8) at 500 MeV for events that convert in the front (back) of the LAT tracking volume.

For our data sets we use the P7REP CLEAN event selection (“Pass 7 Reprocessed” data) on data taken between 2008
August 4, and 2013 August 4 by the Fermi LAT. We chose to use the stringent P7REP CLEAN event selection since it
has low residual CR contamination compared to the gamma-ray flux. We used the P7REP CLEAN V15 version of the

Annihilation constraints from 
the Large Magellanic Cloud

Buckley et al., [1502.01020]



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]

Excess of GeV photons at the 
Galactic Center and Inner 
Galaxy (≲ 10˚)

High statistical significance
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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,

Galactic Center

Energy spectrum consistent
with dark matter signal



Diffuse Background
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Figure 14. Spectrum of the GCE emission for model F (black dots) together with statistical and
systematical (yellow boxes, cf. figure 12) errors. We also show the envelope of the GCE spectrum for
all 60 GDE models (blue dashed line, cf. figure 7).
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Figure 15. Geometry of the ten GCE
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 appears to be robust even under 
uncertainties in diffuse emission models



Photon count statistics can distinguish point sources from dark matter  

Unresolved Point Sources

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

Lee, ML, Safdi, Slatyer, Xue [1506.05124]; Bartels, Krishnamurthy, Weniger [1506.05104]

Malyshev and Hogg [1104.0010]; Lee, ML, Safdi [1412.6099]



Current Status Future Prospects

Direct Detection Probing Higgs- 
exchange region

Exploring MeV-GeV 
dark matter

Indirect Detection
Probing weak-scale 
annihilation cross 

sections
Clarifying GC anomaly

Collider Searches

Three Vignettes



Visible Sector

SUc(3)⇥ SUL(2)⇥ UY (1)

Minimal Scenario

? ?
? ?

?
?
?? ?



Visible Sector

SUc(3)⇥ SUL(2)⇥ UY (1)

Minimal Scenario
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Dark matter can be directly produced in LHC collisions

Monojet searches are particularly relevant:
Fox, Harnik, Kopp, Tsai [1109.4398]

Rajaraman, Shepherd, Tait, Wijangco [1108.1196]

Monojet Searches

10 7 Interpretation
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Figure 5: Upper limits on the DM-nucleon cross section, at 90% CL, plotted against DM particle
mass and compared with previously published results. Left: limits for the vector and scalar
operators from the previous CMS analysis [10], together with results from the CoGeNT [60],
SIMPLE [61], COUPP [62], CDMS [63, 64], SuperCDMS [65], XENON100 [66], and LUX [67]
collaborations. The solid and hatched yellow contours show the 68% and 90% CL contours
respectively for a possible signal from CDMS [68]. Right: limits for the axial-vector operator
from the previous CMS analysis [10], together with results from the SIMPLE [61], COUPP [62],
Super-K [69], and IceCube [70] collaborations.
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K = sNLO/sLO of 1.4 for d = {2, 3}, 1.3 for d = {4, 5}, and 1.2 for d = 6 [71]. Figure 7 shows 95%
CL limits at LO, compared to published results from ATLAS, LEP, and the Tevatron. Table 7
shows the expected and observed limits at LO and NLO for the ADD model.

Figure 8 shows the expected and observed 95% CL limits on the cross-sections for scalar un-

p p

j

��

1 jet + missing energy

CMS Collaboration [1408.3583]  



Dark matter can also be produced in decays of new colored particles

Colored Particle Production

Events typically have several 
jets and missing energy

Takes advantage of large colored 
production cross section

4 jets + missing energy
g̃ q̃ �

j j



Maybe minimality is not necessarily the best guide in 
the search for dark matter



Why should 5% of the mass density have all the fun?



Visible Sector

SUc(3)⇥ SUL(2)⇥ UY (1)

Dark SectorPortal

Z 0
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New Gauge Symmetries

Multiparticle Spectrum

Hidden Dark Sector

For instance: Hidden Valley Models, Higgs Portal Models
e.g., Strassler and Zurek  [hep-ph/0604261, hep-ph/0605193];

 Strassler [hep-ph/0607160]; Patt and Wilczek [hep-ph/0605188]; …



New Observables

Cohen, ML, Lou [1503.00009]  

Non-minimal dark sectors may result in complicated final states with
many particles, displaced vertices, unusual tracks, …

Some of these final states may require fundamentally different
search strategies at the LHC

Example: Semi-Visible Jets
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�1 Jets that contain both visible hadronic 
states, interspersed with stable neutral particles



Semi-Visible Jets
Typical LHC searches require             �� & 0.4

Acceptance after �� & 0.4 & MET > 500 GeV :
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Transverse Mass
Cluster event into two large-radius jets (i.e., CA R=1.1)

Use of transverse mass turns search into a resonance bump hunt

Invariant Mass, Mjj

M2
jj = (pj1 + pj2)

2

Transverse Mass, MT

3

FIG. 2: Mass distributions for the benchmark model in Table I, for various ↵d and rinv. Mjj is the mass of the two large
reclustered jets, MT the transverse mass, and Mmc the reconstructed Z0 mass using all the dark-matter particles in the Monte
Carlo. The ⌘�� lego plots show the corresponding energy deposition in the detector. Red circles indicate visible SM hadrons,
while the grey circles indicate undetected stable mesons. The crosses indicate the position of anti-kT R = 0.5 jets. The relative
size of each circle and cross is set by the

p
pT of the object.

the mass parameters. As a result, fewer stable mesons
are produced when M2

2 � M2
1 > ⇤2

d. This decreases the
value of rinv below 0.5. To increase rinv above 0.5, one
can increase the number of flavors Nf , thereby enlarg-
ing the number of stable mesons by Nf (Nf � 1), while
only increasing the number of unstable mesons by Nf .
Clearly, rinv can take on any value between (0, 1).

Table I summarizes the five parameters that are most
relevant for semi-visible jet observables. Three are sensi-
tive to the details of the dark sector: the running dark-
sector gauge coupling ↵d(1 TeV), rinv, and the mass scale
for the dark mesons Md. Note that by only including
one value of Md, we are assuming that the LHC will
be insensitive to the dark spectrum mass splittings, i.e.,
MZ0 � ⇤d. Additionally, there are two portal parame-
ters: the production cross section times branching ratio

description benchmark

� ⇥ Br cross section ⇥ branching ratio 80 fb

MZ0 Z0 pole mass 3 TeV

Md dark hadron mass scale 20 GeV

↵d(1 TeV) running dark coupling 0.2

rinv ratio of stable to unstable 0.3

TABLE I: Parametrization for semi-visible jet search.

into the dark sector � ⇥ Br, and the mass of the Z 0.
To perform a detailed collider study, uū, dd̄ ! Z 0 !

�† � events were simulated for the 14 TeV LHC using
PYTHIA8 [38] using the default CTEQ6 parton distribution
functions. The dark-sector shower was simulated using
the Hidden Valley Pythia module [28, 29], modified to
include the running of ↵d as was done for [33], with sub-
sequent hadronization into mesons with mass Md. Each
meson had a probability rinv to be a dark-matter par-
ticle. The non-dark-matter particles could decay to all
four light quarks with equal probability. The possible
decays of dark baryons/mesons into each other were ne-
glected. The resulting particles were processed through
DELPHES3, with the default CMS settings [39], including
particle flow.
Anti-kT R = 0.5 jets [40] were constructed and

then reclustered into two large jets [41] using the Cam-
bridge/Achen (CA) algorithm [42] with R = 1.1. One
could perform a resonance search using the invariant
mass M2

jj = (p1 + p2)2, where p1,2 are the momenta of
the two final large jets j1,2. However, the Mjj variable
degrades when there are a significant number of dark-
matter particles. A variable that incorporates the miss-
ing momentum is the transverse mass:

M2
T = M2

jj + 2
⇣q

M2
jj + p2Tjj �ET � ~pTjj · �~ET

⌘
. (4)

In a detector with perfect resolution, Mjj  MT  MZ0 .
Figure 2 shows the distribution of Mjj ,MT and Mmc af-
ter event selection. Mmc is the reconstructed MZ0 com-
puted from all the reclustered jets and truth-level dark-
matter four-vectors. MT can yield a narrower, more
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Current Status Future Prospects

Direct Detection Probing Higgs- 
exchange region

Exploring MeV-GeV 
dark matter

Indirect Detection
Probing weak-scale 
annihilation cross 

sections
Clarifying GC anomaly

Collider Searches Missing energy 
searches

Probing non-minimal 
dark sectors

Three Vignettes



Current experiments are testing 
the WIMP paradigm and have set 

impressive constraints

Any anomalies under the WIMP “lamp 
post” must be carefully evaluated

Necessary to think about the next targets of 
model exploration, especially

if new experimental strategies are required 


