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Dark matter and new physics

Evidence from astronomy points to the presence of dark matter 
on kilo-parsec to horizon scales. This evidence is 
summarized in the next few slides.

There is no stable, massive and neutral particle in the standard 
model that could be the dark matter.

If dark matter is a new particle (which necessarily implies 
physics beyond the standard model), then the cosmological 
predictions match the large scale structure data beautifully.

Models of new physics (such as Supersymmetry) typically have 
in their spectrum a new particle that could be the dark matter.
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Dark matter and new physics

Our knowledge of this dark sector is purely gravitational at present. 
In order to understand this sector we need to answer many questions, 
including:

How many particles make up the dark matter? What are their 
masses and spins? How do they couple to the standard model and 
to other dark sector particles?

It is essential to attack the dark matter questions from multiple 
angles: colliders, direct searches, indirect searches and astrophysics. 
The short talks in this colloquium will serve to illustrate this using 
concrete examples.
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Local measurement of  dark matter density

Oort (1932) used  
motion of stars out of 
the plane of the disk to 
estimate the total 
amount of matter, including 
dark matter, locally.

Most recent estimate 
gets local dark matter 
density 0.3+/- 0.1 Gev/cc 

Bovy and Tremaine, The Astrophysical Journal, 
Volume 756, article id. 89, 6 pp. (2012)

J. H. Oort, Bulletin of the Astronomical Institutes 
of the Netherlands, Vol. 6, p.249 (1932)

Credit: ESO/L. Calçada

Data: Bidin et al, The Astrophysical Journal, 
Volume 747, Issue 2, article id. 101, 13 pp. (2012).
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Total mass of  Andromeda and Milky Way from 
their relative motion

Andromeda and Milky Way 
have turned around from the 
Hubble flow and are headed for 
collision. Kahn and Woltjer 
(1959) used this to bound the 
total mass of the local group 
from below.

Recent measurements show 
sum of virial masses of milky 
way and andromeda is 3.2x1012 

Msun with 20% error. Stars and 
gas ~10% of this mass.

Credit: NASA; ESA; A. Feild and R. van der Marel, STScI

Van der Marel et al, The Astrophysical Journal, 
Volume 753, Issue 1, article id. 8, 14 pp. (2012)

Kahn and Woltjer, Astrophysical 
Journal, vol. 130, p.705, 1959
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Dark matter in the satellites of  the Milky Way

Bullock/Geha

Strigari et al, Nature, Volume 454,  
pp. 1096-1097 (2008) 
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Kuzio de Naray et al, The Astrophysical Journal 
Letters, Volume 710, L161-L166 (2010)

Kuzio de Naray et al, The 
Astrophysical Journal 
Supplement Series, 165, 
461-479 (2006)

The plateau in rotation speed as 
the distance from the center 
increases is the evidence for dark 
matter in spiral galaxies. The fact 
that spiral galaxies don’t show a 
decline in rotation speed became 
widely accepted in the early 80’s.

To the right, velocity field and 
rotation curve of F583-1; this 
galaxy is 32 Mpc away and has 
low surface brightness (dark 
matter dominates).

The Case Against Warm Dark Matter 3

Fig. 1.— Observed LSB galaxy rotation curves with the best-fitting early decay dark matter (α = 3: solid red, α = 4: dotted orange)
and thermal WDM (α = 1: short-dash blue; α = 2: long-dash green) halo fits overlaid. (A color version of this figure is available in the
online journal.)

TABLE 1
Best-Fit Cored Halo Parameters and Primordial Phase Space Densities

Early Decay DM α = 3 Early Decay DM α = 4
Galaxy rcore ρ0 χ2

r
Qp rcore ρ0 χ2

r
Qp Mtot

UGC 4325 4.6a 106b 3.1 · · · 4.6a 106b 3.1 · · · · · ·

F563-V2 1.1±0.1 188±30 0.65 4.8 1.3±0.2 167±25 0.74 5.9 9.8
F563-1 1.4±0.1 106±16 0.50 3.2 1.8±0.1 90±12 0.50 3.1 14
DDO 64 2.7a 57b 3.3 · · · 2.7a 57b 3.3 · · · · · ·

F568-3 2.8±0.4 40±6 1.5 0.71 3.0±0.4 38±5 1.4 1.0 28
UGC 5750 4.3±0.7 11±1 0.92 0.42 4.8±0.8 10±1 0.89 0.53 30
NGC 4395 0.6±0.1 346±42 2.6 21 0.7±0.1 278±33 3.0 29 2.6
F583-4 0.9±0.1 98±22 0.59 13 1.1±0.2 82±18 0.68 14 2.9
F583-1 1.7±0.1 48±4 0.58 2.9 2.1±0.2 43±3 0.54 2.9 11

Thermal WDM α = 1 Thermal WDM α = 2
Galaxy rcore ρ0 χ2

r
Qp rcore ρ0 χ2

r
Qp Mtot

UGC 4325 4.1±1.0 88±6 3.1 · · · 4.3±1.0 90±5 3.1 · · · · · ·

F563-V2 1.5±0.2 118±18 0.71 72 2.5±0.2 93±14 1.4 14 4.3
F563-1 2.1±0.2 66±9 0.43 35 3.8±0.2 47±6 0.69 5.9 7.3
DDO 64 2.7a 45b 3.1 · · · 2.7a 47b 3.1 · · · · · ·

F568-3 3.8±0.4 27±3 1.2 9.3 5.0±0.4 25±2 1.1 3.4 9.2
UGC 5750 5.7±0.8 7.1±0.7 0.83 5.4 7.1±0.7 7.0±0.2 0.74 2.4 6.9
NGC 4395 0.7±0.1 262±34 2.9 478 1.7±0.1 121±16 5.1 42 1.7
F583-4 1.3±0.2 66±16 0.67 149 2.4±0.3 38±8 1.2 26 1.5
F583-1 2.5±0.2 30±2 0.50 31 4.0±0.2 22±1 0.77 7.0 4.2

Note. — Best-fit halo parameters (rcore, ρ0), lower limits on the primordial phase
space densities (Qp), and the total mass of the system, Mtot. The units for rcore are
kpc and the units for ρ0 are 10−3 M" pc−3. The units for Qp are 10−9 M" pc−3 (km
s−1)−3. The units for Mtot are 1010M".
a upper limit
b lower limit

Bosma and van der Kruit, Astronomy and 
Astrophysics, vol. 79, Nov. 1979, p. 281-286

Rubin, Ford and Thonnard, Astrophysical 
Journal,  vol. 238, June 1, 1980, p. 471-487

Rotation speed and dark matter in galaxies
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Dark matter in clusters of  galaxies
Coma Zwicky (1937) used the 

velocity dispersion of 
galaxies in Coma to 
infer the dark matter
Zwicky, Astrophysical Journal, 
vol. 86, p.217 (1937) 

Newman et al, The Astrophysical Journal, 
Volume 765, 25 (2013)

Clusters have a lot of 
gas, which can be 
inferred from X-ray 
and mm wavelength 
measurements. This 
allows us to measure 
the gravitational 
potential and hence 
the total mass as well 
as gas mass.

AA49CH11-Allen ARI 2 August 2011 10:40

a b c
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Figure 7
Images of Abell 1835 (z = 0.25) at (a) X-ray, (b) optical, and (c) millimeter wavelengths, exemplifying the regular multiwavelength
morphology of a massive, dynamically relaxed cluster. All three images are centered on the X-ray peak position and have the same
spatial scale, 5.2 arcmin or ∼1.2 Mpc on a side (extending out to ∼r2,500; Mantz et al. 2010a). Figure credits: (a) X-ray: Chandra X-ray
Observatory/A. Mantz; (b) optical: Canada-France-Hawaii Telescope/A. von der Linden et al.; (c) millimeter: Sunyaev Zel’dovich
Array/D. Marrone.

3. OBSERVATIONAL TECHNIQUES
In this section we review briefly the physics underlying multiwavelength observations of galaxy
clusters. We summarize efforts to construct cluster catalogs, with an emphasis on surveys that have
led to cosmological constraints. We discuss techniques used to measure the masses of clusters and
observable proxies that correlate tightly with mass.

3.1. Multiwavelength Measurements of Galaxy Clusters
3.1.1. X-ray observations. Most of the baryons in the Universe are in diffuse gas. Typically,
this gas is very difficult to observe. Within galaxy clusters, however, gravity squeezes the gas,
heating it to virial temperatures of 107–108 K, which causes it to shine brightly in X-rays. Galaxy
clusters therefore light up at X-ray wavelengths as luminous, continuous, spatially extended sources
(Figure 7).

The primary X-ray emission mechanisms from the diffuse ICM are collisional: free-free emis-
sion (bremsstrahlung); free-bound emission (recombination); and bound-bound emission (mostly
line radiation). The emissivities of these processes are proportional to the square of the electron
density, which ranges from ∼10−1 cm−3 in the centers of bright cool core clusters to ∼10−5 cm−3

in cluster outskirts. At these low densities, the X-ray-emitting plasma is optically thin and in the
coronal limit, which makes modeling straightforward.

For survey observations, the primary X-ray observables are flux, spectral hardness, and spatial
extent. Using deeper, follow-up observations of individual clusters, modern X-ray satellites allow
the spatially resolved spectra of clusters to be determined precisely, permitting measurements of
the density, temperature and metallicity profiles of the ICM, and a host of derived thermodynamic
quantities. For reviews of the principles underlying X-ray observations of clusters see, e.g., Sarazin
(1988) and Böhringer & Werner (2010).

3.1.2. Optical and near-infrared observations. The optical and near-IR emission from galaxy
clusters is predominantly starlight. The galaxy populations of clusters are dominated by ellipticals
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3. OBSERVATIONAL TECHNIQUES
In this section we review briefly the physics underlying multiwavelength observations of galaxy
clusters. We summarize efforts to construct cluster catalogs, with an emphasis on surveys that have
led to cosmological constraints. We discuss techniques used to measure the masses of clusters and
observable proxies that correlate tightly with mass.

3.1. Multiwavelength Measurements of Galaxy Clusters
3.1.1. X-ray observations. Most of the baryons in the Universe are in diffuse gas. Typically,
this gas is very difficult to observe. Within galaxy clusters, however, gravity squeezes the gas,
heating it to virial temperatures of 107–108 K, which causes it to shine brightly in X-rays. Galaxy
clusters therefore light up at X-ray wavelengths as luminous, continuous, spatially extended sources
(Figure 7).

The primary X-ray emission mechanisms from the diffuse ICM are collisional: free-free emis-
sion (bremsstrahlung); free-bound emission (recombination); and bound-bound emission (mostly
line radiation). The emissivities of these processes are proportional to the square of the electron
density, which ranges from ∼10−1 cm−3 in the centers of bright cool core clusters to ∼10−5 cm−3

in cluster outskirts. At these low densities, the X-ray-emitting plasma is optically thin and in the
coronal limit, which makes modeling straightforward.

For survey observations, the primary X-ray observables are flux, spectral hardness, and spatial
extent. Using deeper, follow-up observations of individual clusters, modern X-ray satellites allow
the spatially resolved spectra of clusters to be determined precisely, permitting measurements of
the density, temperature and metallicity profiles of the ICM, and a host of derived thermodynamic
quantities. For reviews of the principles underlying X-ray observations of clusters see, e.g., Sarazin
(1988) and Böhringer & Werner (2010).

3.1.2. Optical and near-infrared observations. The optical and near-IR emission from galaxy
clusters is predominantly starlight. The galaxy populations of clusters are dominated by ellipticals
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A1835 in X-rays

A1835 in mm

C
ha

nd
ra

SZ
A

Bullet cluster

Markevitch et al, Clowe et al. (2004)

The Density Profiles of Galaxy Clusters. I. The Total Density Over Three Decades in Radius 11

Fig. 7.— HST images of the central cluster cores, with multiply imaged sources identified (circles). Where possible we show color
composite images, using data from the sources in Table 3 or from the CLASH survey (A611, MS2137, A383). Reconstructed image
positions based on the models described in Section 9 are indicated by crosses (colors vary for clarity); critical lines are also overlaid at the
redshifts z

CL

indicated in each panel. Individually optimized perturbing galaxies are denoted P1, P2, etc.
Lensing measures total mass.
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Great match to data on 
cosmological scales (CMB) 
down to scales of order 
Mega-parsec (Galaxies)

Cold dark matter on large scales

Clustering of BOSS-CMASS galaxies 9

Figure 6. Left panel: Projected correlation function for the 0.4 < z < 0.7 DR9 BOSS-CMASS north, south and combined galaxy
samples (open blue triangles, open red circles and filled black circles respectively) and the MultiDark catalogue selected with the HAM
procedure at z = 0.53 (solid line). The shaded area for MultiDark gives an estimate of the cosmic variance. BOSS-CMASS error bars
were estimated using an ensemble of 600 mock galaxies (see Section 2.2). For clarity, only error bars for the combined sample are shown.
The corresponding ones for the north and south are a factor of about 1.13 and 2.15 times larger respectively. The transition between
the one-halo and two-halo terms can be seen at ∼ 1h−1 Mpc. Flattening of the signal at intermediate scales and bending at large scales
are also evident features. Right panel: Detailed differences between the ΛCDM model and BOSS clustering are better seen when plotting
the quantity Ξ(σ) σ.

Figure 7. Left panel: Redshift-space correlation function for the 0.4 < z < 0.7 DR9 BOSS-CMASS north, south and combined galaxy
samples (open blue triangles, open red circles and filled black circles respectively) and the MultiDark catalogue selected with the HAM
procedure at z = 0.53 (solid line). Standard deviation for model and observations are shown in the same way as in Fig. 6. Right panel:
Shown is the quantity ξ(s) s2 which better reflects the differences between our ΛCDM model and BOSS clustering measures.

the BOSS-CMASS sample at the smallest scales. This is due
to the fact that the mocks are constructed using Lagrangian
perturbation theory including approximations which break
down at small scales. However, we checked that the magni-
tude of the variance obtained both from the PTHalos mock
catalogues and LasDamas set of N-body simulations dis-
plays good consistency, after rescaling them to take into ac-
count for the difference in their effective volumes. We con-
clude then that it is safe to compare the cosmic variance of
MultiDark (estimated from the Carmen set of simulations)

with that resulting from the mock galaxy catalogues. In Sec-
tion 4 we present the MultiDark HAM clustering results in
comparison with our observational clustering estimates.

c© 0000 RAS, MNRAS 000, 000–000

Nuza et al, Monthly Notices of the Royal 
Astronomical Society, Volume 432, 743-760 (2013)

Projected distance (Mpc/h)

Blue: data (SDSS, 2dFGRS)
Red: Millennium simulation 

Correlation 
function at 
z~0.5 (about 
5 Gyr ago)
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Cosmic Microwave Background and the 
cosmological density of  dark matter

Planck Collaboration: Cosmological parameters

Fig. 10. Planck TT power spectrum. The points in the upper panel show the maximum-likelihood estimates of the primary CMB
spectrum computed as described in the text for the best-fit foreground and nuisance parameters of the Planck+WP+highL fit listed
in Table 5. The red line shows the best-fit base ⇤CDM spectrum. The lower panel shows the residuals with respect to the theoretical
model. The error bars are computed from the full covariance matrix, appropriately weighted across each band (see Eqs. 36a and
36b), and include beam uncertainties and uncertainties in the foreground model parameters.

Fig. 11. Planck T E (left) and EE spectra (right) computed as described in the text. The red lines show the polarization spectra from
the base ⇤CDM Planck+WP+highL model, which is fitted to the TT data only.

24

Lower matter density leads 
to larger change of the 
gravitat ional potentia l 
wells, which boosts peak 
heights.

Hi g h e r bar yon dens i ty 
increases odd peak heights.

ΩDarkMatterh2=0.12 to about 
2% where expansion rate 
today is 100h km/s/Mpc. 

Planck collaboration, eprint arXiv:1303.5076
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Consistency of  different cosmological measures 
of  the matter density

The different measures of 
matter density from 
growth of clusters, 
fraction of gas in clusters, 
CMB, Supernova 
distances and Baryon 
acoustic oscillation all 
agree on a value for the 
matter density that is 
close to 25% of the critical 
density of the universe, 
which is about 6 times the 
density in baryons.

AA49CH11-Allen ARI 2 August 2011 10:40
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Figure 11
Joint 68.3% and 95.4% confidence regions for the dark energy equation of state and mean matter density (a) or perturbation amplitude
(b) from the abundance and growth of ROSAT All-Sky Survey (RASS) clusters at z < 0.5 (Mantz et al. 2010b) and fgas measurements at
z < 1.1 (Allen et al. 2008), compared with those from Wilkinson Microwave Anisotropy Probe (WMAP) (Dunkley et al. 2009), SNIa
(Kowalski et al. 2008) and baryon acoustic oscillations (BAO) (Percival et al. 2010) for spatially flat, constant w models. Combined
results from RASS clusters and WMAP are shown in gray in panel b; gold contours in both panels show the combination of all data sets.
The BAO-only constraint differs from that in Figure 10 due to the use of different priors. Adapted from Mantz et al. (2010b; the BAO
constraints in panel a have been updated to reflect more recent data).

2009a, Andersson et al. 2010), or gravitational lensing signal (e.g., Hoekstra 2007, Johnston et al.
2007, Rykoff et al. 2008, Leauthaud et al. 2010, Okabe et al. 2010) have been employed.

These variations in mass estimation and analysis methods, in addition to changes to instrument
calibration over the years, make a comprehensive and fair census of scaling relation results prob-
lematic. Here, we focus on the cosmological importance of scaling relation measurements, citing
examples from recent work where the issues mentioned above are at least partially mitigated.

For X-ray and SZ observables, under the assumption of strict self-similarity (no additional
heating or cooling), Kaiser (1986) derived specific slopes and redshift dependences for the power-
law form of Equation 16:

Lbol

E(z)
∝ [E(z)M ]4/3,

kTmw ∝ [E(z)M ]2/3,

E(z)Y ∝ [E(z)M ]5/3,

(24)

where the factors of E(z) = H (z)/H 0 are appropriate for measurements made at a fixed critical-
overdensity radius. The subscripts bol and mw reflect the fact that these predictions apply to
the bolometric luminosity and mass-weighted temperature. Optical richness is more complex to
predict, but empirical studies that map galaxies to subhalos in simulations support a power-law
richness-mass relation for groups and clusters (Conroy & Wechsler 2009).

Figures 12 and 13 show a few examples of recent scaling relation measurements. Leauthaud
et al. (2010) present a M − LX relation for X-ray-selected clusters in the Comological Evolution
Survey (COSMOS) field by measuring stacked weak lensing masses (Figure 12a). Under the
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Allen et al, Annual Review of Astronomy and 
Astrophysics, vol. 49, pp. 409-470 (2011)

Mantz et al, Monthly Notices of the Royal Astronomical Society, 
Volume 406, Issue 3, pp. 1759-1772 (2010)
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Motivations to search for a dark matter particle

Observed large-scale structure reproduced by a model 
in which all of the dark matter is a cold collision-less 
particle.

Models of new physics (such as Supersymmetry) have 
in their spectrum a new particle that could be the dark 
matter.

These dark matter candidates can be produced in 
quantities that are comparable to the measured 
cosmological density of dark matter. We consider 
a few such examples next.
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rapid

Example: Mass ~ 300 GeV,
Freeze out ~10 GeV (10 nano-second)

Candidates

WIMP (SUSY neutralino, KK 
dark matter, ...): masses typically 
weak-scale (~100 GeV and 
larger) but could be smaller in 
non-minimal versions of SUSY.  

WIMPless (LSP in hidden 
sector): masses could be much 
lower than weak-scale.

Phenomenological models with 
a light force carrier (hidden 
sector dark matter): masses in 
GeV-TeV range
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Figure 1: Left: Latest CAST limit on ga� as a function of ma obtained with the first part the 3He data reaching
a sensitivity up to 0.64 eV. Right: CAST limits compared to other measurements and bound from theoretical,
astrophysical as well as cosmologically derived upper (HDM). The blue line shows the 95% exclusion limit from
published CAST (vacuum phase and 4He data). The red line shows the 95% exclusion limit obtained from the
analysis of the 2008 3He data which has been published in PRL. The Tokyo helioscope limits are also shown. The

yellow band indicates the favoured theoretical region for axion models.

axions),and microwave cavities (dark matter axions). The blue line corresponds to the current
helioscope limits, dominated by CAST for practically all axion masses but for the ma ⇠0.85-1
eV exclusion line from the last Tokyo helioscope results13. Also shown are the constraints from
horizontal branch (HB) stars, supernova SN1987A, and hot dark matter (HDM). The yellow
”axion band” represents the range of realistic models. The analysis of the data covering masses
up to 1.18 eV is in progress and preliminary results were shown in the presentation.

The collaboration has performed by-product analysis of the data taken, to look for other
axion scenario to which CAST would also be sensitive. The TPC phase I data has been re-
analysed in order look for 14 keV axions coming from M1 transitions14. In addition, data taken
with a calorimeter during the phase I, were used to search for high energy (MeV) lines from
high energy axion conversion15. Moreover a few days of data were taken with a visible detector
coupled to one end of the CAST magnet16, in search for axions with energy in the ”visible”
range. A permanent setup has been installed in the experiment in order to take data without
interfering with the standard program of CAST.

2 Short and long terms prospects: CAST up to 2014 and IAXO

The CAST Collaboration has decided to extend its program up to 2014 in order to profit from
the fact that the Micromegas detectors presently running have a factor 20 better background
level than at the beginning of the experiment in 2002. This fact allows us to consider revisiting
some of the past data taking configurations with enhanced sensitivity to standard Peccei-Quinn
axion models, the main objective of CAST. In 2012 the run is devoted to revisit phase II 4He
to enhance the sensitivity in the region of around 0.4 eV. This gain in sensitivity is expected
from our current detectors that exhibit much better performances and at the same time the
stepping strategy that will focus on a restricted mass range but with increased statistics per
density step. This will allow to improve our current sensitivity obtained with 4He run and to
cross the benchmark KSVZ axion models. In parallel we are carrying out an ambitious R & D
program to be ready for 2013 and 2014 where we would like to take data with vacuum in the

Production through non-thermal processes
Axions are pseudo-Goldstone bosons 
of a spontaneously broken global 
symmetry. A well-motivated example is 
the QCD axion in the Peccei-Quinn 
solution to the strong CP problem. 
It could be produced via a mis-
alignment mechanism and could be all 
of the dark matter. It has been 
suggested that axions could form Bose-
Einstein condensates in galaxies.

Right-handed or sterile neutrinos 
are motivated by the observation of 
non-zero neutrino masses, and for 
certain range of masses (1-100 keV), 
they may be dark matter. In a class 
of models (below), the mixing with 
active neutrinos and a significant 
lepton asymmetry determines the 
relic density. 
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Figure 9. Bounds on the mass M1 and the mixing angle ✓1 of the sterile neutrino dark matter for the models,
discussed in Section I D: DM in the ⌫MSM (Panel a, see text for details); DM produced in the model with
entropy dilution (Panel b); and DM produced in the light singlet Higgs decays (Panel c).

Neutrinos in gauge multiplets – thermal production of DM neutrinos

In this model sterile neutrinos are charged under some beyond the SM gauge group [65]. A natural
candidate are here left-right symmetric theories, in which the sterile neutrinos are sterile only under
the SM S U(2)L gauge group, but are active with respect to an additional S U(2)R, under which the
left-handed SM particles are sterile. The steriles couple in particular to a new gauge boson WR,
which belongs to S U(2)R. One of the sterile neutrinos N1 is light and plays the role of dark
matter, entering in thermal equilibrium before freeze-out. Other sterile neutrinos N2,3 should dilute
its abundance up to the correct amount via out-of-equilibrium decays. This entropy production
happens if there are heavy particles with long lifetimes, which first decouple while still relativistic
and then decay when already non-relativistic [197]. The proper DM abundance is controlled by the
properties of this long-lived particle through the entropy dilution factor S ' 0.76 ḡ1/4

⇤ M2
g⇤ f
p
�MPl

, where
g⇤ is an averaged number of d.o.f. during entropy generation, and M2 is the mass of the sterile
neutrino, responsible for the dilution. The X-ray constraint here bounds the mixing angle ✓1 of the
DM neutrino in the same way as for the ⌫MSM. The mixing between new and SM gauge bosons is
also severely constrained. The structure formation from the Lyman-↵ analysis constraints the DM
neutrino mass:, M1 > 1.6 keV, because its velocity distribution is that of the cooled thermal relic
[65, 160]. At the same time, this implies that the DM in this model is cold (CDM).

All other constraints in this scenario apply to the heavier sterile neutrinos and to the new gauge
sector. The correct abundance of the CDM sterile neutrino requires entropy dilution. To properly
provide the entropy dilution, N2 should decouple while relativistic and has a decay width

� ' 0.50 ⇥ 10�6 g2
N

4
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g2⇤
ḡ1/2
⇤
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2
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1 keV

M1

!2

. (32)

At the same time, the heavy neutrino N2 should decay before BBN, which bounds its lifetime to
be shorter than approximately 0.1÷ 2 s. Then, the proper entropy can be generated only if its mass
is larger than

M2 >
✓ M1

1 keV

◆
(1.7 ÷ 10) GeV. (33)

The entropy is e↵ectively generated by out-of-equilibrium decays if the particle decoupled while
still relativistic. The bound on the decoupling temperature leads to a bound on the new gauge

27

CAST collaboration, eprint arXiv:1209.6347 Boyarsky et al, Ann.Rev.Nucl.Part.Sci.59:191-214,2009
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Production due to dark matter asymmetry

Asymmetric dark matter 
posits that the abundance of dark 
matter is set by the particle-
antiparticle asymmetry in the 
dark sector. 

Annihilation cross section must 
be larger than the thermal relic 
cross section.

If the asymmetry in baryons is 
linked to the asymmetry in dark 
matter, then the dark matter 
masses must be ~ 10 GeV.

In simple models of asymmetric 
dark matter, there are fairly generic 
predictions for the scattering cross 
section with nucleons that also 
allow for dark matter self-
interaction cross section which 
affects galaxies on observable scales. 
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Tough Question CF17: Is cold 
non-interacting dark matter in 
good agreement with observations 
of  structure on all scales?

The Case Against Warm Dark Matter 3

Fig. 1.— Observed LSB galaxy rotation curves with the best-fitting early decay dark matter (α = 3: solid red, α = 4: dotted orange)
and thermal WDM (α = 1: short-dash blue; α = 2: long-dash green) halo fits overlaid. (A color version of this figure is available in the
online journal.)

TABLE 1
Best-Fit Cored Halo Parameters and Primordial Phase Space Densities

Early Decay DM α = 3 Early Decay DM α = 4
Galaxy rcore ρ0 χ2

r
Qp rcore ρ0 χ2

r
Qp Mtot

UGC 4325 4.6a 106b 3.1 · · · 4.6a 106b 3.1 · · · · · ·

F563-V2 1.1±0.1 188±30 0.65 4.8 1.3±0.2 167±25 0.74 5.9 9.8
F563-1 1.4±0.1 106±16 0.50 3.2 1.8±0.1 90±12 0.50 3.1 14
DDO 64 2.7a 57b 3.3 · · · 2.7a 57b 3.3 · · · · · ·

F568-3 2.8±0.4 40±6 1.5 0.71 3.0±0.4 38±5 1.4 1.0 28
UGC 5750 4.3±0.7 11±1 0.92 0.42 4.8±0.8 10±1 0.89 0.53 30
NGC 4395 0.6±0.1 346±42 2.6 21 0.7±0.1 278±33 3.0 29 2.6
F583-4 0.9±0.1 98±22 0.59 13 1.1±0.2 82±18 0.68 14 2.9
F583-1 1.7±0.1 48±4 0.58 2.9 2.1±0.2 43±3 0.54 2.9 11

Thermal WDM α = 1 Thermal WDM α = 2
Galaxy rcore ρ0 χ2

r
Qp rcore ρ0 χ2

r
Qp Mtot

UGC 4325 4.1±1.0 88±6 3.1 · · · 4.3±1.0 90±5 3.1 · · · · · ·

F563-V2 1.5±0.2 118±18 0.71 72 2.5±0.2 93±14 1.4 14 4.3
F563-1 2.1±0.2 66±9 0.43 35 3.8±0.2 47±6 0.69 5.9 7.3
DDO 64 2.7a 45b 3.1 · · · 2.7a 47b 3.1 · · · · · ·

F568-3 3.8±0.4 27±3 1.2 9.3 5.0±0.4 25±2 1.1 3.4 9.2
UGC 5750 5.7±0.8 7.1±0.7 0.83 5.4 7.1±0.7 7.0±0.2 0.74 2.4 6.9
NGC 4395 0.7±0.1 262±34 2.9 478 1.7±0.1 121±16 5.1 42 1.7
F583-4 1.3±0.2 66±16 0.67 149 2.4±0.3 38±8 1.2 26 1.5
F583-1 2.5±0.2 30±2 0.50 31 4.0±0.2 22±1 0.77 7.0 4.2

Note. — Best-fit halo parameters (rcore, ρ0), lower limits on the primordial phase
space densities (Qp), and the total mass of the system, Mtot. The units for rcore are
kpc and the units for ρ0 are 10−3 M" pc−3. The units for Qp are 10−9 M" pc−3 (km
s−1)−3. The units for Mtot are 1010M".
a upper limit
b lower limit

There are many puzzling aspects of 
structure formation on galactic and 
sub-galactic scales. Among these 
puzzles, one that is often discussed 
is the core-cusp issue or the related 
issue of densities that are lower 
than simple predictions for a 
variety of galaxies. An example is 
shown to the right.
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The Case Against Warm Dark Matter 3

Fig. 1.— Observed LSB galaxy rotation curves with the best-fitting early decay dark matter (α = 3: solid red, α = 4: dotted orange)
and thermal WDM (α = 1: short-dash blue; α = 2: long-dash green) halo fits overlaid. (A color version of this figure is available in the
online journal.)
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The Case Against Warm Dark Matter 3

Fig. 1.— Observed LSB galaxy rotation curves with the best-fitting early decay dark matter (α = 3: solid red, α = 4: dotted orange)
and thermal WDM (α = 1: short-dash blue; α = 2: long-dash green) halo fits overlaid. (A color version of this figure is available in the
online journal.)
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Linear rise in rotation 
speed => Sqrt[M/R] ~ r 
or M~r3 =>density is 
constant, in conflict with 
the simplest predictions of  
cold dark matter.
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non-interacting dark matter in 
good agreement with observations 
of  structure on all scales?
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Fig. 1.— Observed LSB galaxy rotation curves with the best-fitting early decay dark matter (α = 3: solid red, α = 4: dotted orange)
and thermal WDM (α = 1: short-dash blue; α = 2: long-dash green) halo fits overlaid. (A color version of this figure is available in the
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Fig. 1.— Observed LSB galaxy rotation curves with the best-fitting early decay dark matter (α = 3: solid red, α = 4: dotted orange)
and thermal WDM (α = 1: short-dash blue; α = 2: long-dash green) halo fits overlaid. (A color version of this figure is available in the
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F568-3 3.8±0.4 27±3 1.2 9.3 5.0±0.4 25±2 1.1 3.4 9.2
UGC 5750 5.7±0.8 7.1±0.7 0.83 5.4 7.1±0.7 7.0±0.2 0.74 2.4 6.9
NGC 4395 0.7±0.1 262±34 2.9 478 1.7±0.1 121±16 5.1 42 1.7
F583-4 1.3±0.2 66±16 0.67 149 2.4±0.3 38±8 1.2 26 1.5
F583-1 2.5±0.2 30±2 0.50 31 4.0±0.2 22±1 0.77 7.0 4.2

Note. — Best-fit halo parameters (rcore, ρ0), lower limits on the primordial phase
space densities (Qp), and the total mass of the system, Mtot. The units for rcore are
kpc and the units for ρ0 are 10−3 M" pc−3. The units for Qp are 10−9 M" pc−3 (km
s−1)−3. The units for Mtot are 1010M".
a upper limit
b lower limit

Linear rise in rotation 
speed => Sqrt[M/R] ~ r 
or M~r3 =>density is 
constant, in conflict with 
the simplest predictions of  
cold dark matter.

Tough Question CF17: Is cold 
non-interacting dark matter in 
good agreement with observations 
of  structure on all scales?

The Case Against Warm Dark Matter 3

Fig. 1.— Observed LSB galaxy rotation curves with the best-fitting early decay dark matter (α = 3: solid red, α = 4: dotted orange)
and thermal WDM (α = 1: short-dash blue; α = 2: long-dash green) halo fits overlaid. (A color version of this figure is available in the
online journal.)

TABLE 1
Best-Fit Cored Halo Parameters and Primordial Phase Space Densities

Early Decay DM α = 3 Early Decay DM α = 4
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r
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r
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DDO 64 2.7a 57b 3.3 · · · 2.7a 57b 3.3 · · · · · ·

F568-3 2.8±0.4 40±6 1.5 0.71 3.0±0.4 38±5 1.4 1.0 28
UGC 5750 4.3±0.7 11±1 0.92 0.42 4.8±0.8 10±1 0.89 0.53 30
NGC 4395 0.6±0.1 346±42 2.6 21 0.7±0.1 278±33 3.0 29 2.6
F583-4 0.9±0.1 98±22 0.59 13 1.1±0.2 82±18 0.68 14 2.9
F583-1 1.7±0.1 48±4 0.58 2.9 2.1±0.2 43±3 0.54 2.9 11
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Note. — Best-fit halo parameters (rcore, ρ0), lower limits on the primordial phase
space densities (Qp), and the total mass of the system, Mtot. The units for rcore are
kpc and the units for ρ0 are 10−3 M" pc−3. The units for Qp are 10−9 M" pc−3 (km
s−1)−3. The units for Mtot are 1010M".
a upper limit
b lower limit

There are many puzzling aspects of 
structure formation on galactic and 
sub-galactic scales. Among these 
puzzles, one that is often discussed 
is the core-cusp issue or the related 
issue of densities that are lower 
than simple predictions for a 
variety of galaxies. An example is 
shown to the right.

These puzzles provide good 
motivation for considering non-
WIMP dark matter candidates.
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of  structure on all scales?
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There are many puzzling aspects of 
structure formation on galactic and 
sub-galactic scales. Among these 
puzzles, one that is often discussed 
is the core-cusp issue or the related 
issue of densities that are lower 
than simple predictions for a 
variety of galaxies. An example is 
shown to the right.

These puzzles provide good 
motivation for considering non-
WIMP dark matter candidates.

In the last couple of years, cosmological simulations including baryons 
have reached the point where they can start to address this issue. 
Continued advances in computing are essential to this area. Keep your 
ears open for progress on this "ont of galactic puzzles. 
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Tough Question CF16: What are the prospects for 
determining the temperature of  dark matter or self-
interactions in the dark sector from astrophysics?

WIMP and axion dark matter 
are categorized as cold non-
interacting dark matter. 

The dominant form of dark 
matter could be warm (e.g., 
sterile neutrino, weak-scale 
gravitinos)

The dominant form of dark 
matter could have large self-
interactions (e.g., hidden 
sector with light force carrier, 
asymmetric dark matter). 
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Tough Question CF16: What are the prospects for 
determining the temperature of  dark matter or self-
interactions in the dark sector from astrophysics?

WIMP and axion dark matter 
are categorized as cold non-
interacting dark matter. 

The dominant form of dark 
matter could be warm (e.g., 
sterile neutrino, weak-scale 
gravitinos)

The dominant form of dark 
matter could have large self-
interactions (e.g., hidden 
sector with light force carrier, 
asymmetric dark matter). 

Prospects
In the last few years, there has been 
great progress in simulating realistic 
galaxies with star formation. There 
has also been an explosion of high 
quality, high resolution data capable 
of peering closer than ever before 
into the centers o f the lea s t 
luminous galaxies to the brightest 
clusters of galaxies. 

The puzzles have not vanished and 
it is reasonable to hope that further 
progress in numerical simulations 
and observations will sharpen or 
finally solve these puzzles.  
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If  the dominant form of  dark matter is warm or 
strongly self-interacting, does this mean that the 
SUSY framework is wrong?

No. 

However, ΩNeutralino << ΩObserved DM, which is 
entirely natural. SUSY provides motivation for 
weak-scale cross sections but there is no strong 
argument to assert that ΩNeutralino = ΩObserved DM.

It should also be noted that examples of warm or 
self-interacting dark matter within the SUSY 
framework exist.
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Direct	  Dark	  Ma+er	  Detec,on	  
	  

Dan	  McKinsey	  
Yale	  University	  
July	  29,	  2013	  



WIMP	  Direct	  Detec,on	  
Look	  for	  anomalous	  nuclear	  recoils	  in	  a	  low-‐
background	  detector.	  
R	  =	  N	  ρ σ	  <v>	  
From	  <v>	  =	  220	  km/s,	  get	  order	  of	  10	  keV	  deposited	  
	  
Requirements:	  
•  Low	  radioac,vity	  
•  Low	  energy	  threshold	  
•  Gamma	  ray	  rejec,on	  
•  Scalability	  
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Predicted	  nuclear	  recoil	  spectra	  from	  WIMP-‐nucleus	  sca+ering	  
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V.	  Chepel	  and	  H.	  Araujo,	  	  
JINST	  8,	  R04001	  (2013).	  
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Background	  sources	  and	  shielding	  in	  a	  typical	  dark	  ma+er	  experiment.	  	  
	  

Need	  sensi,vity	  of	  be+er	  than	  1	  event/100kg/year	  
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WIMP	  Direct	  Detec,on	  Technologies	  
•  Cryogenic	  Ge	  detectors	  (CDMS,	  

Edelweiss,	  CRESST):	  Excellent	  
background	  rejec,on,	  low	  
threshold	  and	  good	  energy	  
resolu,on.	  

	  
•  Threshold	  detectors	  (COUPP,	  

SIMPLE,	  PICASSO):	  Ul,mate	  
electron	  recoil	  rejec,on,	  
inexpensive,	  easy	  to	  change	  
target	  material	  for	  both	  SI	  and	  
SD	  sensi,vity.	  

	  
•  Single-‐phase	  LAr,	  LXe	  (DEAP,	  

CLEAN,	  XMASS):	  Simple	  and	  
rela,vely	  inexpensive	  per	  tonne,	  
pulse-‐shape	  discrimina,on	  and	  
self-‐shielding.	  	  

	  



WIMP	  Direct	  Detec,on	  Technologies	  

•  Dual-‐phase	  Ar	  (DarkSide,	  ArDM):	  	  
	  	  	  	  	  	  	  Excellent	  electron	  recoil	  rejec,on,	  	  
	  	  	  	  	  	  	  posi,on	  resolu,on.	  
	  
•  Dual-‐phase	  Xe	  (XENON,	  LUX,	  Panda-‐X):	  	  
	  	  	  	  	  	  	  Suitable	  target	  for	  both	  SI	  and	  SD,	  low	  	  
	  	  	  	  	  	  	  energy	  threshold,	  excellent	  posi,on	  	  
	  	  	  	  	  	  	  resolu,on,	  self-‐shielding.	  	  
	  
•  Scin,lla,ng	  crystals	  (DAMA/LIBRA,	  KIMS):	  	  
	  	  	  	  	  	  Annual	  modula,on	  with	  large	  target	  mass.	  
	  
•  Ioniza,on	  detectors	  (CoGeNT,	  DAMIC):	  	  
	  	  	  	  	  	  Very	  low	  energy	  threshold,	  good	  energy	  	  
	  	  	  	  	  	  resolu,on.	  
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WIMP	  Direc,onal	  Detectors	  	  
(DRIFT,	  DMTPC,	  D^3,	  MIMAC,	  NEWAGE,	  NEXT/Osprey)	  	  

In	  the	  long	  run,	  direc,onal	  detec,on	  will	  allow	  one	  to	  map	  out	  the	  velocity	  
distribu,on	  of	  the	  dark	  ma+er	  in	  the	  galac,c	  halo,	  and	  could	  serve	  as	  an	  important	  
input	  to	  modeling	  of	  the	  detailed	  forma,on	  history	  and	  dynamics	  of	  the	  galaxy.	  
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This	  field	  has	  seen	  tremendous	  progress	  over	  the	  past	  25	  years	  	  
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…	  and	  this	  progress	  is	  expected	  to	  con,nue.	  
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Current	  limits	  
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Low	  Mass	  WIMPs?	  

The	  resolu,on	  of	  these	  conflicts	  can	  only	  be	  achieved	  by	  observa,ons	  with	  lower	  
background,	  lower	  threshold,	  and	  higher	  discrimina,on	  detectors	  to	  either	  	  confirm	  
or	  reject	  hints	  in	  the	  same	  target	  nuclei	  and	  then	  correlate	  with	  the	  magnitude	  of	  
such	  signals	  in	  other	  targets.	  	  This	  will	  require	  improvement	  of	  exis,ng	  detectors	  or	  
development	  of	  new	  techniques.	  	  
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In	  spin-‐dependent	  coupling,	  the	  WIMP	  interacts	  with	  the	  free	  spin	  of	  the	  target,	  typically	  	  
Parameterized	  as	  a	  neutron-‐	  or	  proton-‐spin	  dependent	  cross-‐sec,on.	  

D.	  McKinsey	  	  	  	  	  	  	  	  Direct	  Detec,on	  



Axion	  Detec,on	  

Dark	  ma+er	  axions	  may	  be	  converted	  into	  photons	  in	  a	  high	  
magne,c	  field.	  ADMX	  (a	  resonant	  cavity	  axion	  detector)	  is	  
sensi,ve	  to	  axions	  in	  the	  mass	  range	  1	  µeV	  to	  100	  µeV.	  
Ongoing	  R&D	  to	  push	  to	  higher	  mass	  (higher	  frequency	  cavi,es)	  

a 

B 

γ 

D.	  McKinsey	  	  	  	  	  	  	  	  Direct	  Detec,on	  



Axion	  detec,on:	  exis,ng	  limits	  and	  future	  projec,ons	  

D.	  McKinsey	  	  	  	  	  	  	  	  Direct	  Detec,on	  
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Indirect Detection Cross Section 

• The same interactions of WIMPs with standard model particles in 
the early universe (holding WIMPs in thermal equilibrium) imply 
interactions in the current universe.

• While the cross-section for a specific interaction (e.g., scattering 
off a nucleon) or annihilation channel is indirectly related to this 
decoupling cross section, almost all annihilation channels 
produce photons and the total annihilation rate to photons                    
is closely related to the decoupling cross section:

χ0 q

χ0

p

π0

K

q̄

π+

γ

γ

1* Gamma-ray production by annihilation in the present universe is closely related to 
the decoupling cross section in the early universe with a natural scale 

∼ n2
χ�σv�

DM relic abundance : Ωχ ≈ 0.1
h2

�
3× 10−26cm3sec−1

�σv�

�

�σv� ≈ 3× 10−26cm3sec−1

Annihilation Channel Secondary Processes Signals Notes

χχ→ qq̄, gg p, p̄, π±, π0 p, e, ν, γ
χχ→ W+W− W± → l±νl, W± → ud̄→

π±, π0
p, e, ν, γ

χχ→ Z0Z0 Z0 → ll̄, νν̄, qq̄ → pions p, e, γ, ν
χχ→ τ± τ± → ντe±νe, τ →

ντW± → p, p̄, pions

e, γ, ν

χχ→ µ+µ− e, γ Rapid energy loss of

µs in sun before

decay results in

sub-threshold νs

χχ→ γγ γ Loop suppressed

χχ→ Z0γ Z0
decay γ Loop suppressed

χχ→ e+e− e, γ Helicity suppressed

χχ→ νν̄ ν Helicity suppressed

(important for

non-Majorana

WIMPs?)

χχ→ φφ̄ φ→ e+e− e± New scalar field with

mχ < mq to explain

large electron signal

and avoid

overproduction of

p, γ

1
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Indirect Detection 
Fermi VERITAS

Super K

AMSPAMELA

Super-K ICECUBE

γ

ν

e−, e+, p, p̄
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Gamma Rays from DM Annihilation
EγΦγ(θ) ≈ 10−10

�
Eγ,TeV

dN

dEγ,TeV

� �
�σv�

10−26cm−3s−1

� �
100 GeV

Mχ

�2

� �� �
particle physics

J(θ)���� erg cm−2s−1sr−1

Particle Physics Input

χ0 q

χ0

p

π0

K

q̄

π+

γ

γ

1

χ0

H+

χ+

χ0

χ+

γ

χ+

γ

1

J(θ) =
1

8.5 kpc

�
1

0.3 GeV/cm3

�2 �

line of sight
ρ2(l)dl(θ)

� �� �
astrophysics

Line-of-sight integral of ρ2 for a
Milky-Way-like halo in the VL Lactea II
ΛCDM N-body simulations (Kuhlen et al.)

Astrophysics/Cosmology Input
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ACT DM Constraints
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FIG. 3. Top panel: Reconstructed differential flux FSrc/Bg,
weighted with E2.7 for better visibility, obtained for the source
and background regions as defined in the text. The units are
TeV1.7 m−2 s−1 sr−1. Due to an energy-dependent selection
efficiency and the use of effective areas obtained from γ-ray
simulations, the reconstructed spectra are modified compared
to the cosmic-ray power-law spectrum measured on Earth.
Bottom panel: Flux residua Fres/∆Fres, where Fres = FSrc −
FBg and ∆Fres is the statistical error on Fres. The residual
flux is compatible with a null measurement. Comparable null
residuals are obtained when varying the radius of the source
region, subdividing the data set into different time periods
or observation positions, or analyzing each half of the source
region separately.

the latter case, apart from a displacement with regard to
the DM particle mass scale, the limits shift up (down) if
the γ-ray energy is overall under(over)estimated.

SUMMARY

A search for a VHE γ-ray signal from DM annihilations
was conducted using H.E.S.S. data from the GC region.
A circular region of radius 1◦ centered at the GC was cho-
sen for the search, and contamination by astrophysical
γ-ray sources along the Galactic plane was excluded. An
optimized background subtraction technique was devel-
oped and applied to extract the γ-ray spectrum from the
source region. The analysis resulted in the determination
of stringent upper limits on the velocity-weighted DM an-
nihilation cross-section 〈σv〉, being among the best so far
at very high energies. At the same time, the limits do not
differ strongly between NFW and Einasto parametriza-
tions of the DM density profile of the Milky-Way.
The support of the Namibian authorities and of the

University of Namibia in facilitating the construction and
operation of H.E.S.S. is gratefully acknowledged, as is the
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FIG. 4. Upper limits (at 95% CL) on the velocity-weighted
annihilation cross-section 〈σv〉 as a function of the DM par-
ticle mass mχ for the Einasto and NFW density profiles.
The best sensitivity is achieved at mχ ∼ 1 TeV. For com-
parison, the best limits derived from observations of dwarf
galaxies at very high energies, i.e. Sgr Dwarf [10], Will-
man 1, Ursa Minor [15] and Draco [9], using in all cases
NFW shaped DM profiles, are shown. Similar to source re-
gion of the current analysis, dwarf galaxies are objects free
of astrophysical background sources. The green points rep-
resent DarkSUSY models [32], which are in agreement with
WMAP and collider constraints and were obtained with a
random scan of the mSUGRA parameter space using the
following parameter ranges: 10 GeV < M0 < 1000 GeV,
10 GeV < M1/2 < 1000 GeV, A0 = 0, 0 < tanβ < 60,
sgn(µ) = ±1.
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HESS VERITAS

GC Limits Segue Dwarf Galaxy Limits

(Aharonian et al. for the HESS collaboration, PRL 106, 1301) (Aliu et al. for the VERITAS collaboration, PRD 85, 062001)

circumvent the helicity suppression of the annihilation
cross-section into light leptons, the neutralino can oscillate
with charginos !!, which themselves can preferentially
annihilate into leptons. The transition to a chargino state is
mediated by the exchange of a Z0 boson (mZ0 " 90 GeV,
"" 1=30), leading to a Sommerfeld enhancement. The
second model (hereafter model II) introduces a new force
in the dark sector [44]. The new force is carried by a light
scalar field # predominantly decaying into leptons and
with a mass Oð1 GeVÞ and coupling to standard model
particles chosen to prevent the overproduction of antipro-
tons. In such models, dark matter annihilates to a pair of #
scalar particles, with an annihilation cross-section boosted
by the Sommerfeld enhancement. The coupling " of the
light scalar particle # to the dark matter particle is deter-
mined assuming that !! ! ## is the only channel that
regulates the dark matter density before freezeout [98].

Figure 5 shows the VERITAS constraints for each of
these models, derived with the observations of Segue 1.
The dashed curves show the 95% CL exclusion limits
without the Sommerfeld correction to the annihilation
cross-section, whereas the solid curves are the limits
to the Sommerfeld enhanced annihilation cross-section.
The left panel of Fig. 5 shows the constraints on model I,
for the annihilation of neutralinos intoWþW& through the
exchange of a Z0 boson. The Sommerfeld enhancement
exhibits two resonances in the considered dark matter
particle mass range, for m! ’ 4:5 TeV and m! ’
17 TeV, respectively. VERITAS excludes these reso-
nances, which boost the annihilation cross-section far be-
yond the canonical h$vi" 3' 10&26 cm3 s&1. The right
panel of Fig. 5 shows the VERITAS constraints on model
II, for a scalar particle with mass m# ¼ 250 MeV. The
Sommerfeld enhancement exhibits many more resonances,

located at different dark matter particle masses and with
different amplitudes with respect to model I, because the
coupling and mass of the exchanged particle differ. Two
channels in which the scalar particle decays either to eþe&

or %þ%& have been considered. VERITAS observations
start to disfavor such models, especially for the eþe&eþe&

channel where some of the resonances are beyond h$vi"
3' 10&26 cm3 s&1. This result holds for # particle masses
up to a few GeV.

B. Model-independent constraints on the boost factor

In the previous section, we have explicitly constrained
the Sommerfeld boost factor to the annihilation cross-
section in the framework of two interesting models.
Here, an example of model-independent constraints on
the overall boost factor BF (particle physics and/or astro-
physical boost) as a function of the dark matter particle
mass is presented. The constraints are then compared to the
recent cosmic ray lepton data.
Following [99], we assume that dark matter annihilates

exclusively into muons with an annihilation cross-section
h$vi ¼ 3' 10&26 cm3 s&1. In such a case, we use the
dashed exclusion curve of Fig. 3 (right) to compute
95% CL limits on BF. Figure 6 shows the 95% CL ULs
on the overall boost factor BF. The blue and red shaded
regions are the 95% CL contours that best fit the Fermi-
LAT and PAMELA eþe& data, respectively. The grey
shaded area shows the 95% CL excluded region derived
from the H.E.S.S. eþe& data [99]. The black dot is an
example of a model which simultaneously fits well the
H.E.S.S., PAMELA and Fermi-LAT data. The VERITAS
VHE &-ray observations of Segue 1 rule out a significant
portion of the regions preferred by cosmic ray lepton data.
However, the electron and positron constraints depend on

FIG. 5 (color online). 95% CL exclusion curves from the VERITAS observations of Segue 1 on h$vi= !S as a function of the dark
matter particle mass, in the framework of two models with a Sommerfeld enhancement. The expected Sommerfeld enhancement S
applied to the particular case of Segue 1 has been computed assuming a Maxwellian dark matter relative velocity distribution. The grey
band area represents a range of generic values for the annihilation cross-section in the case of thermally produced dark matter. Left:
model I with winolike neutralino dark matter annihilating to a pair of WþW& bosons. Right: model II with a 250 MeV scalar particle
decaying into either eþe& or %þ%&. See text for further details.

VERITAS DEEP OBSERVATIONS OF THE DWARF . . . PHYSICAL REVIEW D 85, 062001 (2012)

062001-9
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Fermi LAT DM Constraints
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Figure 13 J-values for dSphs within a radius of 0.5◦ as a function of their Galactocentric distance.

In this case NFW profiles are assumed for the dark matter density, though the results are very

weakly dependent on the assumed central dark matter profile for dSphs with large data samples

(compare to Figure 14).

can be shown that in a manner similar to the calculation for the integrated mass in Section 4, the

J-value is best constrained within an integrated physical radius that strongly correlates with the

half-light radius (Walker et al., 2011). To better appreciate this, consider that the nearest classical

satellites are at distances of approximately 70− 80 kpc. For a dSph at this distance, the half-light

radius corresponds to less than approximately one degree, which is about the angular resolution of

the Fermi-LAT over a large energy range of interest. This is the region within which the integrated

density and the integrated density-squared are the best constrained from the kinematic data sets.

Thus the assumption of a core or a cusp for the density profile does not significantly affect the
gamma-ray flux predictions for the Fermi-LAT. As discussed more below, however, for instruments

with better angular resolution than the Fermi-LAT, the assumption of a core or the cusp is much

more relevant.

The theoretical developments outlined above have significantly improved the determinations of

the J-values of the dSphs since the time when they were first determined over a decade ago (Baltz

et al., 2000; Tyler, 2002; Evans et al., 2004; Bergstrom and Hooper, 2006). Strigari et al. (2008)

and Martinez et al. (2009) have developed a maximum likelihood method to determine J-values
from stellar kinematical and photometric data using the likelihood in Equation 36. More recently

groups have extended this analysis though in all cases the calculations are generally in good agree-

ment (Charbonnier et al., 2011).

For nearby dSphs that are most relevant for gamma-ray observations, the most updated de-

terminations of the J-values are shown in Figure 13. Here an NFW profile is assumed for the

dark matter density profile, as in Ackermann et al. (2011). However, as is shown in the proba-

bility density in Figure 14 the results are weakly dependent on whether a cored or cusped central

density profile is assumed for the dark matter. Figure 13 clearly indicates which dSphs are the

most interesting targets for indirect dark matter detection experiments. The two dSphs with the

largest J-values, Segue 1 and Ursa Major II, are ultra-faint satellites with sparse samples of stars

associated to them. Specifically, the J-values for Segue 1 and Ursa Major II in Figure 13 were

77

Strigari arXiv:1211.7090

Ackermann et al., 2011

• Dwarf galaxies are some of the most dark 
matter dominated objects in the universe

• Dark matter content can be assessed 
through the study of stellar kinematics

• Assume that the same dark matter particle 
in all dwarf spheroidal galaxies

• Perform a combined likelihood analysis of 
multiple dwarfs with 2 years of data

• Predicted flux for each dwarf will depend on 
individual dark matter content (J-factor)

• Statistical uncertainties in J-factor 
determined from stellar kinematic data.

• Fit backgrounds independently for each 
dwarf

• Include uncertainty in the dark matter 
content as nuisance parameters in the 
likelihood

Fermi-LAT Observations 
of Dwarf Galaxies

Dwarf Constraints

Dark Matter at the Galactic Center

• Thus, the constraints on dark 
matter annihilation from Fermi-
LAT observations are extremely 
strong

• In spite of very bright emission!

Abazajian & Kaplinghat (2012)

Hooper et al. (2012)
Cored Profiles --------->

Wednesday, March 6, 2013

GC, Cluster, Constraints

*Enormous progress since last Snowmass meeting!   We are beginning to probe natural cross 
section at low mass (<20 GeV) and pull within 1-2 orders of magnitude for 100GeV-1TeV WIMPs.
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CTApMSSM Model Exclusion!

3/7/13 SLAC Cosmic Fronter Workshop 14 

Constraints 
ΩDMh2 > 0.1 
XENON100 (2011) 
CMS+ATLAS (2012) 

tau channel 

bb channel 

(JB)

* A CTA like instrument with ~60 Mid-sized telescopes has the sensitivity to probe the natural 
cross section for WIMP annihilation from 100 GeV to 10 TeV - But this requires a US contribution
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CTA-US

3/7/13 4 

SC-MST (Dual Mirror) DC-MST (Single Mirror) 

Gamma-ray Shower Image (E = 1 TeV) 

SLAC Cosmic Fronter Workshop 

3/7/13 5 

1 km 

CTA: Point-Source Sensitivity!

SLAC Cosmic Fronter Workshop 

Hybrid-1 (50 hr) 
Prod-1 Array I (50 hr) 

~2-3x improvement  
in core energy range 
from US contribution 

Prod-1 Array I 
3 LSTs 
18 MSTs 
56 SSTs 
Hybrid-1 
61 MSTs 

Prod-1: See K. Bernlohr et al. 2012, arXiv:1210.3503 
Hybrid-1: See  T. Jogler et al. 2012, arXiv: 1211.3181 

Fermi (3yr) 

3/7/13 6 

CTA: Angular Resolution!

SLAC Cosmic Fronter Workshop 

Hybrid-1  
SC-MST 

Hybrid-1  
DC-MST 
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Future Neutrino Detectors

Darren R. Grant - University of AlbertaMarch 6-8, 2013

DeepCore Atmospheric Muon Veto

250 m

35
0 

m Deep 
Core

extra
veto cap

AMANDA

IceCube

• The cosmic ray muon background 
(around 106 times the atmospheric 
neutrino rate)

• Overburden of 2.1 km water-equivalent 
is substantial, but not as large as at 
deep underground labs

• However, top and outer layers of 
IceCube provide an active veto shield 
for DeepCore

• ~40 horizontal layers of modules 
above; 3 rings of strings on all sides

• Effective !-free depth much greater

• Can use to distinguish atmospheric ! 
from atmospheric or cosmological " 
(access to the Southern Hemisphere 
sky!)

• Vetoing algorithms surpass the required 
106 level of background rejection

Darren R. Grant - University of AlbertaMarch 6-8, 2013

MICA Conceptual Detector
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SUPER−K (2012)
ICECUBE (2012)

bb−
W+W−, τ+τ−

THIS WORK
PICASSO (2012)

KIMS (2012)
SIMPLE (2012)

Super-K 4yrs

Hyper-K 4yrs

+ Gadolinium

best case

C. Savage JCAP 2009

PINGU 1yr, hard

PINGU 1yr, soft

Adapted Rott, Tanaka, Itow JCAP09(2011)029 to 

Preliminary 

see: Rott, Siegal-Gaskins, Beacom arXiv1208.0827

• Up to a few hundred strings of “linear” detectors 
within DeepCore fiducial volume

• Goals: ~5 MTon scale with energy sensitivity of: 

• O(10 MeV) for bursts

• O(50MeV) for single events

• Physics extraction from Cherenkov ring imaging in 
the ice

• Annual supernovae neutrinos to 10 MPc; New MeV 
detection channels for Solar WIMPs become 
available; potential proton decay sensitivity 

• IceCube and DeepCore provide the active veto

• No excavation necessary: detection medium is the 
support structure  (melting ice is more cost 
effective than moving rock)

“Anything worth doing is worth overdoing” M. Jagger

* Future Neutrino experiments like the PINGU enhancement to IceCube/DeepCore offer the 
possibility of discovery of a smoking-gun signal (high energy neutrinos from the sun), and may 
provide some of the best constraints on spin dependent cross sections.
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φ φ φ

Positron Results

• Pamela results on positron excess are now confirmation by Fermi (using geomagnetic field) and AMS result.

• Signal may also be explained by some cosmic-ray propagation models, or by astrophysical sources such as pulsars.

• A DM interpretation requires a combined astrophysical/particle physics boost of 100 or more.

New dark sector force carrier giving a 
Sommerfeld enhancement, hadronic 
channels kinematically inaccessible (e.g., 
Arkani-Hamed, Finkbeiner, Slayter and 
Weiner, 1999, PRD 79, 015014)
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Shedding Light on Positrons

• Pamela excess implies a large radio synchrotron and inverse Compton signal, and a 
boost in secondary gammas from the GC that are not observed.

circumvent the helicity suppression of the annihilation
cross-section into light leptons, the neutralino can oscillate
with charginos !!, which themselves can preferentially
annihilate into leptons. The transition to a chargino state is
mediated by the exchange of a Z0 boson (mZ0 " 90 GeV,
"" 1=30), leading to a Sommerfeld enhancement. The
second model (hereafter model II) introduces a new force
in the dark sector [44]. The new force is carried by a light
scalar field # predominantly decaying into leptons and
with a mass Oð1 GeVÞ and coupling to standard model
particles chosen to prevent the overproduction of antipro-
tons. In such models, dark matter annihilates to a pair of #
scalar particles, with an annihilation cross-section boosted
by the Sommerfeld enhancement. The coupling " of the
light scalar particle # to the dark matter particle is deter-
mined assuming that !! ! ## is the only channel that
regulates the dark matter density before freezeout [98].

Figure 5 shows the VERITAS constraints for each of
these models, derived with the observations of Segue 1.
The dashed curves show the 95% CL exclusion limits
without the Sommerfeld correction to the annihilation
cross-section, whereas the solid curves are the limits
to the Sommerfeld enhanced annihilation cross-section.
The left panel of Fig. 5 shows the constraints on model I,
for the annihilation of neutralinos intoWþW& through the
exchange of a Z0 boson. The Sommerfeld enhancement
exhibits two resonances in the considered dark matter
particle mass range, for m! ’ 4:5 TeV and m! ’
17 TeV, respectively. VERITAS excludes these reso-
nances, which boost the annihilation cross-section far be-
yond the canonical h$vi" 3' 10&26 cm3 s&1. The right
panel of Fig. 5 shows the VERITAS constraints on model
II, for a scalar particle with mass m# ¼ 250 MeV. The
Sommerfeld enhancement exhibits many more resonances,

located at different dark matter particle masses and with
different amplitudes with respect to model I, because the
coupling and mass of the exchanged particle differ. Two
channels in which the scalar particle decays either to eþe&

or %þ%& have been considered. VERITAS observations
start to disfavor such models, especially for the eþe&eþe&

channel where some of the resonances are beyond h$vi"
3' 10&26 cm3 s&1. This result holds for # particle masses
up to a few GeV.

B. Model-independent constraints on the boost factor

In the previous section, we have explicitly constrained
the Sommerfeld boost factor to the annihilation cross-
section in the framework of two interesting models.
Here, an example of model-independent constraints on
the overall boost factor BF (particle physics and/or astro-
physical boost) as a function of the dark matter particle
mass is presented. The constraints are then compared to the
recent cosmic ray lepton data.
Following [99], we assume that dark matter annihilates

exclusively into muons with an annihilation cross-section
h$vi ¼ 3' 10&26 cm3 s&1. In such a case, we use the
dashed exclusion curve of Fig. 3 (right) to compute
95% CL limits on BF. Figure 6 shows the 95% CL ULs
on the overall boost factor BF. The blue and red shaded
regions are the 95% CL contours that best fit the Fermi-
LAT and PAMELA eþe& data, respectively. The grey
shaded area shows the 95% CL excluded region derived
from the H.E.S.S. eþe& data [99]. The black dot is an
example of a model which simultaneously fits well the
H.E.S.S., PAMELA and Fermi-LAT data. The VERITAS
VHE &-ray observations of Segue 1 rule out a significant
portion of the regions preferred by cosmic ray lepton data.
However, the electron and positron constraints depend on

FIG. 5 (color online). 95% CL exclusion curves from the VERITAS observations of Segue 1 on h$vi= !S as a function of the dark
matter particle mass, in the framework of two models with a Sommerfeld enhancement. The expected Sommerfeld enhancement S
applied to the particular case of Segue 1 has been computed assuming a Maxwellian dark matter relative velocity distribution. The grey
band area represents a range of generic values for the annihilation cross-section in the case of thermally produced dark matter. Left:
model I with winolike neutralino dark matter annihilating to a pair of WþW& bosons. Right: model II with a 250 MeV scalar particle
decaying into either eþe& or %þ%&. See text for further details.
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Figure 3: We compare the region favored by PAMELA (green bands) and ATIC (red regions

within the bands) with the bounds from HESS observations of the Galatic Center [29] (blue

continuous line), Galactic Ridge [41] (blue dot-dashed), and SgrDwarf [42] (blue dashed) and

of observations of the Galactic Center at radio-frequencies ν = 408 GHz by Davies et al. [51]

(red lines) and at ν ∼ 10
14

Hz by VLT [52] (upper purple lines, when present, for equipartition

and constant magnetic field). We considered DM annihilations into e+e− (left column), µ+µ−

(middle), τ+τ− (right), unity boost and Sommerfeld factors and the NFW (upper row), Einasto

(middle), isothermal (lower) MW DM density profiles and the NFW (upper), large core (middle

and lower) Sgr dSph DM density profiles.

12

Radio Synchrotron and gamma-ray IC limits for 
Pamela scenario (Bertone, Cirelli, Strumia and 
Taoso, arXiv:0811.2744v3).  Note: Radio bounds 
are sensitive to assumptions about B-fields and 
diffusion, may be optimistic.

VERITAS Segue Limits with Sommerfeld Enhancement
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Astrophysical Constraints

• When the magnetic field and diffusion are understood, radio 
constraints on DM can be important.

• Electrons up-scatter CMB photons, producing a measurable X-ray 
signal and DM constraints

10 100 1000
WIMP Mass [GeV]
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10-21

<
v>

 [c
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3 /s]

Fermi (11 months)
NuSTAR, 6-10 keV
NuSTAR, 10-30 keV
NuSTAR, 30-70 keV
! , 6-10 keV
!
" # 10-30 keV

bb annihilation final state
Fornax (NO substructures)

1 Ms

Comparison of NuSTAR and Fermi 

Jeltema & Profumo 2011 

!   Planned X-ray telescopes will have (at best) similar 
sensitivity to Fermi to low mass WIMPs. 

Predictions for a long NuSTAR observation of 
the Fornax Cluster Radio Constraints on Galaxy Cluster (A2199)

X-Ray (NuSTAR) constraints on Fornax cluster 
compared with Fermi gamma-ray constraints

(SLAC CF Talk by T. Jeltema)
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Sterile Neutrinos

sin θ

m
if sterile neutrinos
make up 100% of dark matter
(any cosmology)

lower bounds on the mass 

vary depending on cosmological production scenario
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excluded by X−ray search

Chandra Suzaku XMM/Newton

(Loewenstein et al, Astrophys.J. 700 (2009) 
426-435;  Astrophys.J. 714 (2010) 652-662; 
Astrophys.J. 751 (2012) 82;  Kusenko,  
Phys.Rept. 481 (2009) 1-28 )
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CF2 Key Findings

• CTA, with the U.S. enhancement, would provide a powerful new tool for searching for WIMP dark matter.  The angular 
distribution would determine the distribution of dark matter in halos, and the universal spectrum would be imprinted with 
information about the mass and annihilation channels needed to ID the WIMP.

• Future Neutrino experiments like the PINGU enhancement to IceCube/DeepCore offer the possibility of a smoking-gun 
signal (high energy neutrinos from the sun), and may provide some of the best constraints on spin dependent cross sections.

• Other astrophysical constraints such as low-frequency radio (synchrotron from electrons) or X-rays (inverse Compton 
scattering by electrons, sterile neutrino decay) can provide very powerful tests for DM annihilation for certain annihilation 
channels and provide constraints on decaying dark matter.

• Detailed theoretical studies with PMSSM, contact operators, realistic halo models are resulting in quantitative estimates of 
sensitivity, showing the complementary reach of different techniques.
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“Cold Dark Matter: An Exploded View” by Cornelia Parker

What is Dark Matter?



The Dark Matter Questionnaire
  Mass

  Spin

  Stable?

  Yes

Couplings:

 Gravity

  Weak Interaction?

  Higgs?

  Quarks / Gluons?

  Leptons?

Thermal Relic?

  Yes  No

 No

Thermal Relic?



Quarks

W

Leptons�Gluons

Photons

Z

Higgs

LHC

Direct Scattering

Gamma Rays

Neutrinos

ILC?

LEP

Anti-matter

Ultimately, we need to fill out the 
questionnaire experimentally.

But as we try to relate the results 
of experiments to one another and 

unravel the deeper theoretical 
underpinning, we need at least 

some kind of theoretical framework 
in which to cast our progress.

What could the theory be?
No lack of answers...

Map of DM-SM
 Interactions

Ultimately, we need to fill out the 
questionnaire experimentally.

But as we try to relate the results 
of experiments to one another and 

unravel the deeper theoretical 
underpinning, we need at least 

some kind of theoretical framework 
in which to cast our progress.

What could the theory be?
No lack of possibilities...

Map of DM-SM InteractionsParticle Probes of DM

• The common thread that ties up direct, indirect, and collider searches for 
dark matter is how WIMPs interact with the Standard Model.
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The Most Complete Theory

Cahill-Rowley et al, 1305.6921

LSP as DM and, more generally, the pMSSM itself. We remind the reader that this is an
ongoing analysis and that several future updates will be made to what we present here before
completion. In particular, the LHC analyses will require updating to include more results at
8 TeV along with our extrapolations to 14 TeV. While these are important pieces to the DM
puzzle it is our expectation that the addition of these new LHC results will only strengthen
the important conclusions based on the existing analyses to be discussed below.
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Figure 9: Comparisons of the models surviving or being excluded by the various searches in
the LSP mass-scaled SI cross section plane as discussed in the text. The SI XENON1T line
is shown as a guide to the eye.

Fig. 9 shows the survival and exclusion rates resulting from the various searches and
their combinations in the LSP mass-scaled SI cross section plane. In the upper left panel
we compare these for the combined direct detection (DD = XENON1T + COUPP500) and
indirect detection (ID = Fermi + CTA) DM searches. Here we see that 11% (15%) of the
models are excluded by ID but not DD (excluded by DD but not ID) while 8% are excluded

17

• On the “complete” end of the spectrum 
is our favorite theory: the MSSM.

• Reasonable phenomenological models 
have ~20 parameters, leading to rich and 
varied visions for dark matter.

• This plot shows a scan of the `pMSSM’ 
parameter space in the plane of the 
WIMP mass versus the SI cross section.

• The colors indicate which (near) future 
experiments can detect this model: LHC 
only, Xenon 1ton only, CTA only, both 
Xenon and CTA, or can’t be discovered.

• It is clear that just based on which 
experiments see a signal, and which 
don’t, that there could be (potentially 
soon) suggestions of favored parameter 
space(s) from data.



The Most Complete Theory

Cahill-Rowley et al, 1305.6921

LSP as DM and, more generally, the pMSSM itself. We remind the reader that this is an
ongoing analysis and that several future updates will be made to what we present here before
completion. In particular, the LHC analyses will require updating to include more results at
8 TeV along with our extrapolations to 14 TeV. While these are important pieces to the DM
puzzle it is our expectation that the addition of these new LHC results will only strengthen
the important conclusions based on the existing analyses to be discussed below.

102 103

m(�̃0
1) (GeV)

10�17

10�15

10�13

10�11

10�9

10�7

10�5

R
·�

S
I

(p
b)

XENON1T
Survives DD, ID, and LHC
Excluded by LHC but not DD or ID

Excluded by DD and ID
Excluded by ID but not DD
Excluded by DD but not ID

Figure 9: Comparisons of the models surviving or being excluded by the various searches in
the LSP mass-scaled SI cross section plane as discussed in the text. The SI XENON1T line
is shown as a guide to the eye.

Fig. 9 shows the survival and exclusion rates resulting from the various searches and
their combinations in the LSP mass-scaled SI cross section plane. In the upper left panel
we compare these for the combined direct detection (DD = XENON1T + COUPP500) and
indirect detection (ID = Fermi + CTA) DM searches. Here we see that 11% (15%) of the
models are excluded by ID but not DD (excluded by DD but not ID) while 8% are excluded

17

• On the “complete” end of the spectrum 
is our favorite theory: the MSSM.

• Reasonable phenomenological models 
have ~20 parameters, leading to rich and 
varied visions for dark matter.

• This plot shows a scan of the `pMSSM’ 
parameter space in the plane of the 
WIMP mass versus the SI cross section.

• The colors indicate which (near) future 
experiments can detect this model: LHC 
only, Xenon 1ton only, CTA only, both 
Xenon and CTA, or can’t be discovered.

• It is clear that just based on which 
experiments see a signal, and which 
don’t, that there could be (potentially 
soon) suggestions of favored parameter 
space(s) from data.

Particle Probes of DM

• The common thread that ties up direct, indirect, and collider searches for 
dark matter is how WIMPs interact with the Standard Model.

Indirect Detection

Collider Searches

Direct Detection

χ

χ
SM ParticlesWIMPs

χ χ

SM Particles

WIMPs

χ

χ
SM Particles WIMPs

Particle Probes of DM

• The common thread that ties up direct, indirect, and collider searches for 
dark matter is how WIMPs interact with the Standard Model.

Indirect Detection

Collider Searches

Direct Detection

χ

χ
SM ParticlesWIMPs

χ χ

SM Particles

WIMPs

χ

χ
SM Particles WIMPs

Particle Probes of DM

• The common thread that ties up direct, indirect, and collider searches for 
dark matter is how WIMPs interact with the Standard Model.

Indirect Detection

Collider Searches

Direct Detection

χ

χ
SM ParticlesWIMPs

χ χ

SM Particles

WIMPs

χ

χ
SM Particles WIMPs



Simplified Models
• Moving away from complete theories, we 

come to simplified models.

• These contain the dark matter, and some 
of the particles which allow it to talk to the 
SM, but are not meant to be complete 
pictures.

• As a simple example, we can look at a 
theory where the dark matter is a Dirac 
fermion which interacts with a quark and a 
(colored) scalar mediating particle.

• There are three parameters: the DM mass, 
the mediator mass, and the coupling g.

• These are like the particles of the MSSM, 
but with subtle differences in their 
properties and more freedom in their 
interactions.

• Just like the MSSM was one example of a 
complete theory, this is only one example 
of a “partially complete” one.

Di Franzo, Nagao, TMPT

Simple-fied Model
• This is a simplified model we already use 

to interpret searches at the LHC.

• The current version has 3 parameters: mχ, 
mq, and the LHC production σ.

• To make this useful to connect to (in)direct 
searches we should trade these for: mχ, 
mq, and g.  

• Collider production can be computed in 
terms of these quantities.  There are 
interesting differences between, e.g. 
Majorana and Dirac WIMPs.  

• We can also map them into the direct/
indirect parameter spaces (and the other 
way as well!).

~

~

q

q~

χ~ g
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EDELWEISS (2011/12)

XENON10 (2011)

XENON100 (2011)

COUPP (2012)
SIMPLE (2012)

ZEPLIN-III (2012)
CRESST-II (2012)

XENON100 (2012)
observed limit (90% CL)

Expected limit of this run: 

 expectedσ 2 ±
 expectedσ 1 ±

FIG. 3: Result on spin-independent WIMP-nucleon scatter-
ing from XENON100: The expected sensitivity of this run is
shown by the green/yellow band (1�/2�) and the resulting
exclusion limit (90% CL) in blue. For comparison, other ex-
perimental limits (90% CL) and detection claims (2�) are also
shown [19–22], together with the regions (1�/2�) preferred by
supersymmetric (CMSSM) models [18].

3 PE. The PL analysis yields a p-value of � 5% for all
WIMP masses for the background-only hypothesis indi-
cating that there is no excess due to a dark matter sig-
nal. The probability that the expected background in
the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections �� is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of ⇢� = 0.3GeV/cm3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Le↵ parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1�/2�) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for m� > 8GeV/c2 with a minimum of
� = 2.0 ⇥ 10�45 cm2 at m� = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg⇥days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic di↵er-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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Contact Interactions
• In the limit where the mediating particles 

are heavy compared to all energies of 
interest, we are left with a theory 
containing the SM, the dark matter, and 
nothing else.

• The residual effects of the mediators are 
left behind as what look like non-
renormalizable interactions between DM 
and the SM.

• These are the simplest and least complete 
description of dark matter we can imagine.

• For any particular choice of interaction 
type, there are two parameters: the DM 
mass and the strength of that interaction.
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FIG. 2: Dark matter discovery prospects in the (m�,�/�th) plane for current and future direct detection [51],
indirect detection [52, 53], and particle colliders [54–56] for dark matter coupling to gluons [57], quarks [57,
58], and leptons [59, 60], as indicated.

rate of both spin-dependent and spin-independent direct scattering, the annihilation cross section
into quarks, gluons, and leptons, and the production rate of dark matter at colliders.

Each class of dark matter search outlined in Sec. III is sensitive to some range of the interaction
strengths for a given dark matter mass. Therefore, they are all implicitly putting a bound on the
annihilation cross section into a particular channel. Since the annihilation cross section predicts
the dark matter relic density, the reach of any experiment is thus equivalent to a fraction of the
observed dark matter density. This connection can be seen in the plots in Fig. 2, which show the
annihilation cross section normalized to the value �th, which is required1 for a thermal WIMP to
account for all of the dark matter in the Universe. If the discovery potential for an experiment with
respect to one of the interaction types reaches cross sections below �th (the horizontal dot-dashed
lines in Fig. 2), that experiment will be able to discover thermal relic dark matter that interacts
only with that standard model particle and nothing else.

If an experiment were to observe an interaction consistent with an annihilation cross section
below �th (yellow-shaded regions in Fig. 2), it would have discovered dark matter but we would infer
that the corresponding relic density is too large, and therefore there are important annihilation
channels still waiting to be observed. Finally, if an experiment were to observe a cross section
above �th (green-shaded regions in Fig. 2), it would have discovered one species of dark matter,
which, however, could not account for all of the dark matter (within this model framework), and
consequently point to other dark matter species still waiting to be discovered.

In Fig. 2, we assemble the discovery potential and current bounds for several near-term dark
matter searches that are sensitive to interactions with quarks and gluons, or leptons. It is clear
that the searches are complementary to each other in terms of being sensitive to interactions with
di↵erent standard model particles. These results also illustrate that within a given interaction type,
the reach of di↵erent search strategies depends sensitively on the dark matter mass. For example,
direct searches for dark matter are very powerful for masses around 100 GeV, but have di�culty
at very low masses, where the dark matter particles carry too little momentum to noticeably a↵ect
heavy nuclei. This region of low mass is precisely where collider production of dark matter is easiest,
since high energy collisions readily produce light dark matter particles with large momenta.

1
For non-thermal WIMPs, e.g. asymmetric DM, the annihilation cross-section does not have a naturally preferred

value, but the plots in Fig. 2 are still meaningful.
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A multi-pronged search strategy identifies a mixture of 
dark matter which is 50% classic WIMP and 50% axion.



Outlook 
• Putting together a detailed particle description of dark matter will 

necessarily involve many experimental measurements.

• Important details such as the mass and spin will hopefully come along as 
part of that program.

• The three traditional pillars of dark matter searches: direct, indirect, and 
collider, naturally probe different parts of the space of DM-SM couplings.

• They are highly complementary to one another in terms of discovery 
potential.

• Together they can probe a large fraction of the space of interesting 
WIMP models in the near future.

• Input from all of them is likely to be necessary to reconstruct enough of 
the couplings to be able to firmly understand the dark matter relic 
density.

“ Ωh2 or bust! ”


