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What do we know about 
Dark Matter?

• There’s a lot of it
• it interacts gravitationally
• does not interact with itself
• or baryons
• It’s cold
• it’s (meta-)stable
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Bullet Cluster
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What do we know about 
Dark Matter?

• Nothing in the Standard Model has these properties
• Thus Dark Matter is a signal of new physics

• So what is it?
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L. Roszkowski, Particle Dark Matter

Figure 1. A schematic representation of some well–motivated WIMP–type particles
for which a priori one can have ω ∼ 1. σint represents a typical order of magnitude
of interaction strength with ordinary matter. The neutrino provides hot DM which is
disfavored. The box marked “WIMP’ stands for several possible candidates, e.g., from
Kaluza–Klein scenarios.

can in principle extend up to the Planck mass scale, but not above, if we are talking about
elementary particles. The interaction cross section could reasonably be expected to be of
the electroweak strength (σEW ∼ 10−38 cm2 = 10−2 pb) but could also be as tiny as that
purely due to gravity: ∼ (mW /MP)2 σEW ∼ 10−32σEW ∼ 10−34 pb.
What can we put into this vast plane shown in Fig. 1? One obvious candidate is the

neutrino, since we know that it exists. Neutrino oscillation experiments have basically
convinced us that its mass of at least ∼ 0.1 eV. On the upper side, if it were heavier than
a few eV, it would overclose the Universe. The problem of course is that such a WIMP
would constitute hot DM which is hardly anybody’s favored these days. While some like
it hot, or warm, most like it cold.
Cold, or non–relativistic at the epoch of matter dominance (although not necessarily at

freezeout!) and later, DM particles are strongly favored by a few independent arguments.
One is numerical simulations of large structures. Also, increasingly accurate studies of
CMB anisotropies, most notably recent results from WMAP [1], imply a large cold DM
(CDM) component and strongly suggest that most (∼ 90%) of it is non–baryonic.
In the SUSYworld, of course we could add a sneutrino ν̃, which, like neutrinos, interacts

weakly. From LEP its mass ∼> 70GeV (definitely a cold DM candidate), but then Ω
ν̃
" 1.

Uninteresting and ν̃ does not appear in Fig. 1.
The main suspect for today is of course the neutralino χ. Unfortunately, we still know

little about its properties. LEP bounds on its mass are actually not too strong, nor are they
robust: they depend on a number of assumptions. In minimal SUSY (the so-called MSSM)
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Roszkowski hep-ph/0404052
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WIMP Dark Matter
• The best motivated solution (not necessarily the right one)
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The Thermal Abundance of a WIMP 
  T>>MX, WIMPs are in thermal equilibrium 
  T<MX, number density becomes exponentially 

suppressed 
  Including the effects of expansion pulls the    

density away from its equilibrium value:  

  Numerically, this yields an abundance of: 

  In comparison,  

 
 
 Dan Hooper – Dark Matter in the Discovery Age 

A generic stable, weakly 
interacting particle is 
predicted to be produced in 
the early universe with an 
abundance similar to the 
observed dark matter density. 
-Numerical coincidence? 
-WIMP Miracle? 

very roughly:
�2

m2
W

� 3� 10�26 cm3/s

so reasonable to guess that weak 
scale physics and dark matter are 
relatedJungman et al hep-ph/9506380
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Supersymmetric Solution

• The best known solution to weak-scale hierarchy 
and naturalness problems (Supersymmetry) has 
great DM candidate:
• Neutralinos weakly interacting with mass 

expected to be                                    (?)
• R-parity makes them stable

5
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Neutralino Dark Matter
• Should be noted: this is not 

the only solution for DM, 
and it is not known to be 
the correct solution.
• Neutralinos don’t always 

satisfy the “WIMP 
miracle.”
• Theorists need to keep an 

open mind; is there DM 
phenomenology that we 
miss in the MSSM?
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Figure 4: Regions of neutralino relic density in th m0 vs. m1/2 plane for A0 = 0 and tanβ = 45.
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Figure 5: Thermally averaged cross section times velocity evaluated at TF for various subprocesses. The
thick light-grey(light-blue) curve denotes the total of all annihilation and co-annihilation reactions. Left:
m1/2 = 600 GeV, µ < 0, A0 = 0 and tanβ = 45. Right: m1/2 = 300 GeV, µ > 0, A0 = 0 and tanβ = 45.

even when the reactions occur off resonance. In this case, the widths of the A and H are so large (both
∼ 10− 40 GeV across the range in m0 shown) that efficient s-channel annihilation can occur throughout
considerable part of the parameter space, even when the resonance condition is not exactly fulfilled. The
resonance annihilation is explicitly displayed in this plot as the annihilation bump at m0 just below 1300
GeV. Another annihilation possibility is that Z̃1Z̃1 → bb̄ via t and u channel graphs. In fact, these
annihilation graphs are enhanced due to the large b Yukawa coupling and decreasing value of mb̃1

, but we
have checked that the s-channel annihilation is still far the dominant channel. Annihilation into τ τ̄ is the
next most likely channel, but is always below the level of annihilation into bb̄ for the parameters shown
in Fig. 5(left). At even higher values of m0 where the higgsino component of Z̃1 becomes non-negligible,

Page 6
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What’s New from Experiment?

• Theorists can always run amok. Probably best to 
take our motivation from experiments.
• So, what’s new, and how do these results push the 

theory space?

• Indirect Detection
• Direct Detection
• Collider bounds
• N-body Simulation
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Direct Detection

Collider Production

Early Universe Annihilation

Indirect Detection
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Indirect Detection

8

Fermi

IceCube
ACTs: MAGIC, HESS

VERITAS, etc
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Dwarf Galaxy Bounds

• Best bounds come from 
locations with high DM 
densities, low 
background (regular 
astrophysics)
• i.e. dwarf galaxies
• Considerable 

uncertainties on DM 
profile

9
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considered in our analysis becomes:
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where LLAT

i

denotes the binned Poisson likelihood that
is commonly used in a standard single ROI analysis
of the LAT data, i indexes the ROIs, D represents
the binned gamma-ray data, pW represents the set of
ROI-independent DM parameters (h�

ann

vi ,m
W

, and the
annihilation branching ratios bf ), {p}

i

are the ROI-
dependent model parameters. In this analysis, {p}

i

in-
cludes the normalizations of the nearby point and dif-
fuse sources and the J-factor, J

i

. log
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are
the mean and standard deviation of the distribution of
log

10

(J
i

), approximated to be gaussian, and their values
are given in cols. 5 and 6 respectively of Table I.

The fit proceeds as follows. For given fixed values of
m

W

and bf , we optimize � lnL, with L given in eq. 1.
Confidence intervals or upper limits, taking into account
uncertainties in the nuisance parameters, are then com-
puted using the ‘profile likelihood’ technique, which is a
standard method for treating nuisance parameters in like-
lihood analyses (see e.g., [30]), and consists of calculat-
ing the profile likelihood � lnL

p

(h�
ann

vi) for several fixed
masses m

W

, where for each h�
ann

vi, � lnL is minimized
with respect to all other parameters. The intervals are
then obtained by requiring 2� ln(L

p

) = 2.71 for a one-
sided 95% confidence level. The MINUIT subroutine MI-
NOS [31] is used as the implementation of this technique.
Note that uncertainties in the background fit (di↵use and
nearby sources) are also treated in this way. The cover-
age of this profile joint likelihood method for calculating
confidence intervals has been verified using toy Monte
Carlo for a Poisson process with known background and
Fermi-LAT simulations of galactic and isotropic di↵use
gamma-ray emission. The parameter range for h�

ann

vi
is restricted to have a lower bound of zero, to facilitate
convergence of the MINOS fit, resulting in slight over-
coverage for small signals, i.e. conservative limits.

RESULTS AND CONCLUSIONS

As no significant signal is found, we report upper lim-
its. Individual and combined upper limits on the anni-
hilation cross section for the b

¯

b final state are shown in
Fig. 1, see also [32]. Including the J-factor uncertainties
in the fit results in increased upper limits compared to
using the nominal J-factors. Averaged over the WIMP
masses, the upper limits increase by a factor up to 12
for Segue 1, and down to 1.2 for Draco. Combining the
dSphs yields a much milder overall increase of the upper

FIG. 1. Derived 95% C.L. upper limits on WIMP annihilation
cross section for all selected dSphs and for the joint likelihood
analysis for annihilation into bb̄ final state. The most generic
cross section (⇠ 3 · 10�26 cm3s�1 for a purely s-wave cross
section) is plotted as a reference. Uncertainties in the J-factor
are included.

FIG. 2. Derived 95% C.L. upper limits on WIMP annihilation
cross section for the bb̄ channel, the ⌧+⌧� channel, the µ+µ�

channel, and the W+W� channel. The most generic cross
section (⇠ 3 · 10�26 cm3s�1 for a purely s-wave cross section)
is plotted as a reference. Uncertainties in the J-factor are
included.

limit compared to using nominal J-factors, a factor of
1.3.
The combined upper limit curve shown in Fig. 1 in-

cludes Segue 1 and Ursa Major II, two ultra-faint satel-
lites with small kinematic datasets and relatively large
uncertainties on their J-factors. Conservatively, exclud-
ing these objects from the analysis results in an increase
in the upper limit by a factor ⇠1.5, which illustrates the
robustness of the combined fit.
Finally, Fig. 2 shows the combined limits for all stud-

Fermi 1108.3546 see also Geringer-Sameth et al 1108.2914 
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Galactic Center

• Galactic center has lots of DM, and is very close.
• But large astrophysical backgrounds
• One claim of 10 GeV DM annihilating to leptons 

with 

10

5

FIG. 2: The spectrum of residual gamma-ray emission from the inner 5 degrees surrounding the Galactic Center, after sub-
tracting the known sources and line-of-sight gas templates. The dashed line represents the spectrum of the central, point-like
emission, as found by the authors of Refs. [10], [34], and [35]. Above ⇠300 MeV, the majority of the observed emission is
spatially extended, and inconsistent with originating from a point source. The dotted line shows the Galactic Ridge emission,
as extrapolated from the higher energy spectrum reported by HESS [36]. In the left frame, I show results for a 10 GeV dark
matter particle with an annihilation cross section of �v = 7⇥ 10�27 cm3/s and which annihilates only to leptons (e+e�, µ+µ�

and ⌧+⌧�, 1/3 of the time to each). In the right frame, I show the same case, but with an additional 10% of annihilations
proceeding to bb̄. In each case, the annihilation rate is normalized to a halo profile with � = 1.3. This figure originally appeared
in Ref. [9].

gamma-rays, we include in Fig. 2 the spectrum from
the annihilations of a 10 GeV dark matter particle
(dot-dashed) and from a component extrapolated from
HESS’s observations of the Galactic Ridge (dots) [36].
The sum of these contributions (solid) provides a good fit
to the total observed spectrum, for dark matter which an-
nihilates mostly to leptons (the gamma-ray flux is dom-
inated by annihilations to ⌧

+
⌧

�), possibly with a sub-
dominant fraction proceeding to hadronic final states. To
accommodate the angular extent of the observed gamma-
ray signal, a dark matter distribution of approximately
⇢DM / r

�1.25 to r

�1.4 is required [9]. Interestingly,
the annihilation cross section required to normalize the
gamma-ray signal is not far from the value predicted for
a simple thermal relic (�v = 3 ⇥ 10�26 cm3/s). Adopt-
ing central values for the local dark matter density [24],
the annihilation cross section to ⌧

+
⌧

� is required to be
�v⌧⌧ ⇡ (1� 5)⇥ 10�27 cm3/s for a dark matter distribu-
tion with an inner slope of 1.3 to 1.4. If the dark matter
also annihilates to electrons and muons at a similar rate,
the total annihilation cross section falls within a factor
of a few of the canonical estimate of 3⇥ 10�26 cm3/s.1

1 While these results are largely based on the analysis of Ref. [9]
(and its predecessors Refs. [10, 37]), an independent analysis of
the Fermi data in the direction Galactic Center was also pre-
sented in Ref. [34]. The results of Ref. [34] are in good agree-
ment with those of Ref. [9]. In particular, Ref. [34] find that the
inclusion of a dark matter-like signal in their analysis improves
the log-likelihood of their fit by 25 with the addition of only one
new parameter, corresponding to a significance of approximately
5� [34]. The Fermi Collaboration has also presented prelimi-

Although astrophysical origins of the gamma-ray emis-
sion observed from the Galactic Center region have been
discussed [9], considerable challenges are faced by such
interpretations. Possibilities that have been considered
include emission from the central supermassive black
hole [10, 35], and from a population of unresolved point
sources, such as millisecond pulsars [39].
In the case of the supermassive black hole, direct emis-

sion from this object is not consistent with the observed
morphology of the gamma-ray signal. The observed an-
gular extent of the emission could be reconciled, how-
ever, if the gamma-rays originate from cosmic rays that
have been accelerated by the black hole and then di↵use
throughout the surrounding interstellar medium, produc-
ing pions through interactions with gas [35, 40]. The
spectral shape of the spatially extended emission is very
di�cult to account for with gamma-rays from pion decay,
however. Even for a monoenergetic spectrum of protons,
the resulting spectrum of gamma-rays from pion decay
does not rise rapidly enough to account for the observed
gamma-ray spectrum.
A large population of unresolved gamma-ray pulsars

surrounding the Galactic Center has also been proposed
to account for the observed emission [9, 10, 39]. The spec-
tra observed from among the 46 pulsars in the FGST’s
first pulsar catalog, however, are typically much softer
than is observed from the Galactic Center [9, 41]. Unless
the spectra among the population of pulsars surrounding

nary findings [38] which describe a spectrum of excess emission
consistent with that found in Ref. [9].

Hooper 1201.1303

�v � 10�26/�27 cm3/s
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Fermi 130 GeV Line
• Gamma-ray lines long held to be the smoking 

gun for DM annihilation
• After all, what background in nature gives a 

line?
• Two papers, not from Fermi, but analyzing 

Fermi data from the Galactic center, claim a 
130 GeV line

11Figure 4. Upper sub-panels: the measured events with statistical errors are plotted in black. The
horizontal bars show the best-fit models with (red) and without DM (green), the blue dotted line
indicates the corresponding line flux alone. In the lower sub-panel we show residuals after subtracting
the model with line contribution. Note that we rebinned the data to fewer bins after performing the
fits in order to produce the plots and calculate the p-value and the reduced χ2

r ≡ χ2/dof. The counts
are listed in Tabs. 1, 2 and 3.

– 8 –

C. Weniger 1204.2797
T. Bringmann et al 1203.1312

Figure 3. Target regions used in our spectral analysis. From top left to bottom right, Reg1, Reg2,
Reg3 and Reg4 are respectively optimized for DM profiles with inner slopes of α = (1.0, 1.1, 1.2, 1.4) as
described in the text and in appendix A. The optimization maximizes the signal-to-noise ratio. The
colors show the expected signal-to-background ratio with an arbitrary normalization for comparison.

colors show the expected signal-to-background ratio in different regions of the sky. In case of
a standard NFW profile with α = 1.0, the target region includes besides the galactic center
also regions at higher and lower latitudes up to |b| ! 70◦; for steeper profiles the optimal
target regions shrink drastically to regions closer to the galactic center. The galactic disc is
strongly disfavoured in all cases. Southern regions are somewhat prefered, since the diffuse
gamma-ray emission from our galaxy is not perfectly north/south symmetric. From these
four regions we extract the measured spatially integrated gamma-ray energy spectrum for
our subsequent analysis.

3.3 Spectral analysis

The search for VIB signatures is done by using the sliding energy window technique as
e.g. discussed in Refs. [21, 31, 32, 36]: We consider for each DM mass mχ in the range
40 GeV < mχ < 300 GeV a small energy window that is approximately centered on mχ, and
hence on the position of the expected VIB feature. More precisely, we use the energy range
E = mχε−0.7. . .mχε0.3, where, depending on mχ, the size of the window ε varies between
ε ! 1.8 for mχ = 40 GeV and ε ! 7 for mχ = 300 GeV (if mχε0.3 > 300 GeV, we cut
the window already at 300 GeV). The size of the window is identical to the values used in
Ref. [32], where it was found to lead to reasonable background fits in context of gamma-ray

– 9 –

X

X
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Fermi 130 GeV Line
• A possible background from bubbles?
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Fig. 2.— The gamma-ray spectrum in Regions 3 (Einasto Profile, left) and 4 (r−1.15 profile, right), from the analysis of Weniger (2012),
and the best-fit power-law (red dashed), power-law plus monochromatic line at Eγ = 130 GeV, smeared by the LAT energy resolution
(green), and a broken power-law (blue) similar to the spectrum observed in the Fermi bubbles regions.

gle power-law produces a best fit spectrum with a spec-
tral index intermediate between the two spectral indices
from the best-fit broken power-law. In the case which
is relevant here, where the high energy spectral index is
softer than the low energy index, this creates a deficit
in medium energy emission which is always most pro-
nounced at the point of the spectral break. Neglecting
complicating factors such as an energy dependence in the
statistical error of the input function, the addition of a
delta-function “bump” will provide the largest improve-
ment to the overall fit when the delta-function resides
at the point of the spectral break. This effect is all the
more pronounced the narrower the energy window under
consideration. Notice that the TS method employed in
W12 in fact picks up several apparent spectral breaks,
as can be seen by comparing the spectra shown in the
right panels of Figure 1 of W12 with the results shown
in Figure 2 of W12 at energies around 25, 40, 50 and,
naturally, with much higher significance, 130 GeV.
We start by considering the fluxes presented in App. A

of W12, restricting our analysis to the sliding energy win-
dow where the most highly statistically significant line is
claimed (i.e. approximately between 80 and 200 GeV).
We find that a spectrum similar to that inferred for the
hard emission in the Fermi bubbles provides a goodness
of fit to the gamma-ray data which is of comparable qual-
ity to that obtained by adding a gamma-ray line. This
is illustrated in Fig. 2, where we show fits to the data
quoted in W12 and obtained from the SOURCE events
selections (Pass 7 Version 6) for Regions 3 and 4. We
employ a power law (red dashed line), a power law plus
a line at 130 GeV (smeared by the energy resolution of
the LAT at 130 GeV, solid green line), and a broken

power-law (break set at 130 GeV, solid blue line). We
obtain slightly better χ2 per degree of freedom in the
case of the power-law plus line with respect to the bro-
ken power-law (1.20 versus 1.26 for Reg3, and 1.04 versus
1.10 for Reg4). However, this difference is not statisti-
cally significant. Note that although we let the broken
power-law slopes vary freely, we obtain spectra that are
compatible with those found in a similar energy range
by Su et al. (2010) for the Fermi bubbles. This provides
a preliminary indication that the gamma rays identified
as originating from a monochromatic 130 GeV emission
might potentially stem from the astrophysical process
that produces the hard spectrum observed in the Fermi
bubbles region.
An important aspect of the spectral fitting procedure is

the size of the energy window. While this should exceed
the instrumental energy resolution, the signal should be
resilient to changes in the size of the “sliding” energy
window. Indeed, W12 demonstrates this point in a com-
pelling manner with Figure 8, where it is shown that
the TS value is essentially stable as a function of ε,
where the energy windows centered around Eγ = E0

are [E0/
√
ε, min(E0

√
ε, 300 GeV)]. Here we argue that

while increasing the energy window does not reduce the
TS for the fit with a line, it does increase the quality of
the fit with a broken power-law. This seems to indicate
that when a larger portion of the spectrum is taken into
consideration, the line appears more and more like the
edge of a broken power-law, rather than as a monochro-
matic gamma-ray line. We consider this to be an addi-
tional hint pointing towards a Fermi bubbles origin for
the hard photon events.

Profumo and Linden 1204.6047
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Fermi 130 GeV Line
• Bubble morphology doesn’t match that of the line

• Instrumentation effect?
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Fig. 8.— Spatial templates used in the Poisson likelihood analysis. Upper left: Galactic disk template, upper right: Fermi bubble
template, lower left: gamma-ray cuspy template as a Gaussian distribution with FWHM = 4◦, lower right: outer ring template as a
Gaussian distribution with FWHM = 10◦, but masking out the central region where the gamma-ray cuspy template is. In Figure 9 and
Figure 11, we split the Fermi bubble template into two components one with |b| > 30◦ and the other with |b| < 30◦.

and the average map of 100 − 120 GeV and 140 − 160
GeV maps. The difference map is consistent with Pois-
son noise and no diffuse gamma-ray excess toward the
inner Galaxy is visible. In order to test whether the ex-
cess is due to residual cosmic ray contamination, we sub-
tract ULTRACLEAN sky maps from SOURCE sky maps. This
residual map should be mostly dominated by cosmic rays
since a large fraction of the real gamma-ray photons have
been removed. Indeed, Figure 7 demonstrates that there
is no excess toward the inner Galaxy in this map, thus
we can rule out the possibility that the central excess is
due to cosmic ray contamination in the LAT data.
Toward the inner Galaxy, the Fermi bubbles extend

∼ 50◦ above and below the Galactic center, with a width
of ∼ 40◦ in longitude. The gamma-ray emission associ-
ated with these bubbles has a significantly harder spec-
trum (dN/dE ∼ E−2) than the inverse Compton emis-
sion from electrons in the Galactic disk, or the gamma-

rays produced by decay of π0 from proton-ISM collisions.
We note that the morphology of the resolved gamma-ray
cusp has a different shape from the bubbles, and the
bubble structure has been largely cancelled out and not
visible in the residual maps (as shown in e.g. Figure 5).
Thus we conclude that the newly revealed gamma-ray
cusp has no obvious connection with the bubbles. We
will also demonstrate this more explicitly in Section 4.

4. ENERGY SPECTRUM OF THE GAMMA-RAY CUSP

In §3 we argued for the existence of an excess in
the GC at E = 120 − 140 GeV, previously noted by
Bringmann et al. (2012) and Weniger (2012). This moti-
vates a more careful investigation of the energy spectrum
and spatial distribution of the emission.

4.1. Template Regression

As in our previous work (e.g., Su et al. 2010), we con-
sider linear combinations of spatial templates and com-
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Fig. 10.— Left panel: Spectral energy distributions of the templates listed in the figure legend. In the left panel, we use CLEAN events with
|b| > 1◦ and all longitudes. Besides the disk-correlated emission (green), uniform emission (brown), and the Fermi bubble template (blue),
the cusp component modeled as a FWHM = 4◦ Gaussian in the GC (red) has been included. Vertical bars show the marginalized 68%
confidence range derived from the parameter covariance matrix for the template coefficients in each energy bin. Arrows indicate 1σ upper
limits. For reference, we overplot lines centered at 111 GeV and 129 GeV (dotted cyan) convolved with a three-Gaussian approximation of
the LAT instrumental response (Edmonds 2011), and their sum (dotted black). The line centers and amplitudes are determined from a fit
to the spectrum in the right panel (see text). Right panel: the same as the left panel but using data masking out |b| < 5◦ and |l| > 6◦.
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Fig. 11.— Same as right panel of Figure 10 but splitting the
bubble template into two regions one with |b| > 30◦ and the other
with |b| < 30◦.

The gamma-ray cusp appears to possess a symmetric
distribution around the Galactic center. To investigate
whether there is any more extended cusp component con-
tributing the excess at 120 − 140 GeV, we include an
extra “outer ring” template as shown in Figure 8. The
outer ring template is a FWHM=10◦ Gaussian with an
8◦ radius hole in the center. Even with this freedom,

E range (GeV) Energy cusp (CLEAN) cusp (SOURCE)
84.9− 89.5 87.2 -1.01 ± 4.42 -2.19± 4.30
89.5− 94.5 92.0 -0.79 ± 4.28 -1.53±4.29
94.5− 99.7 97.1 0.03 ± 4.64 4.37±5.26

99.7− 105.2 102.4 0.06 ± 5.04 3.05±5.77
105.2 − 111.0 108.1 7.37 ± 5.73 8.61±5.95
111.0 − 117.1 114.0 18.58 ± 7.25 21.80±7.57
117.1 − 123.6 120.3 7.18 ± 5.82 7.19±6.03
123.6 − 130.4 127.0 20.06 ± 7.75 19.78±7.61
130.4 − 137.6 134.0 17.91 ± 8.38 10.82±7.83
137.6 − 145.2 141.4 9.50 ± 6.78 16.71±7.50
145.2 − 153.2 149.2 4.07 ± 5.73 3.07± 5.36
153.2 − 161.7 157.4 1.70 ± 6.29 8.07± 7.14
161.7 − 170.6 166.1 3.11 ± 4.50 4.34± 4.88
170.6 − 180.1 175.2 3.08 ± 5.69 2.91± 5.90
180.1 − 190.0 185.0 10.11 ± 8.18 7.07± 8.34
190.0 − 200.5 195.2 3.99 ± 7.04 1.84± 6.46

TABLE 1

The template fitting coefficients and errors of the

diffuse gamma-ray cusp correspond to the right panel of

Figure 10 and right panel of Figure 12. The gamma-ray

luminosity in each energy range is shown in the unit of

keV cm−2s−1sr−1.

there is no significant change in the cusp spectrum (Fig-
ure 14). There was no significant improvement of the
likelihood for this model, and the spectrum of the outer
ring is consistent with zero. Our conclusion is that the
gamma-ray cusp is a distinct component, and is centrally
concentrated.

4.2. Trials factor

We use a trials factor of 300 for this bump. This is
based on the fact that the LAT energy resolution is ∼

11

Residual map

 

180 90 0 -90 -18000
 

-90

-45

0

45

90

00 

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

keV cm
-2 s

-1 sr -1

Residual map

 

180 90 0 -90 -18000
 

-90

-45

0

45

90

00 

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5
keV cm

-2 s
-1 sr -1

Residual map

 

180 90 0 -90 -18000
 

-90

-45

0

45

90

00 

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

keV cm
-2 s

-1 sr -1

Residual map

 

180 90 0 -90 -18000
 

-90

-45

0

45

90

00 

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

keV cm
-2 s

-1 sr -1

Fig. 16.— Same as Figure 5, but using only events with high incidence angle θ > 40◦ which has better energy resolution. The maps have
been smoothed to 5◦ (left two panels) and 10◦ (right two panels), and using CLEAN event class (upper two panels) and SOURCE event class
(lower two panels). The resolved gamma-ray cusp structure is concentrated toward the Galactic center.
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Fig. 17.— Like Figure 15, except for |b| < 2◦ excluding photons
within 5◦ of the Galactic center. There is no indication of a spectral
feature near 130 GeV in the Galactic plane away from the Galactic
center.

that cancels out continuum emission and reveals the cusp
structure in a model-independent way. We find that this
structure only appears in energy range from ∼ 120 GeV
to ∼ 140 GeV after searching 80 < E < 200 GeV maps.
The FWHM of the cusp morphology, if modeled with a
Gaussian, is ! 4◦ and is unrelated to the Fermi bubble
structure (in contrast to Profumo & Linden 2012). No
other region of the sky reveals any significant excess in

Earth albedo spectrum (Z > 110o)
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Fig. 18.— Photons from cascades in the Earth’s atmosphere
(“albedo” photons) show a slight excess at 111 and 130 GeV also.
Because these photons arrive at high zenith angle (Z > 110◦), they
tend to have a high incidence angle (median θ = 63.2◦). The low-θ
photons show a small bump at 130 GeV, and the high-θ photons
show a small bump at 111 GeV. The cuts were chosen to maximize
these features, so interpretation of this plot requires a modest trials
factor.

this energy range.
Template regression: We perform a Poisson likelihood

analysis to obtain the energy spectrum of the diffuse
gamma-ray cusp. We have modeled the diffuse gamma-
ray emission by a combination of templates including
the cusp template, a uniform gamma-ray background,
a thin gamma-ray disk tracing the Galactic plane, and
the Fermi bubble structure. By modeling the data with
a linear combination of templates and maximizing the
Poisson likelihood of observing the observed counts, we

Su and Finkbeiner 1206.1616
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Theory Implications

• If it is a line, what does the theory need to be?
• Large cross section:

• Either loops or decays into “dark pions”

• Implies new light (130-150 GeV) charged             
particles or new scalars with very large                    
couplings to DM
• Also: if true, we now know Galactic                    

DM profile!
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�XX���v � 2� 5� 10�27 cm3/s

2

with the claims presented in those studies.1 Lastly, the
independent analysis of Ref. [24] argues that the variabil-
ity in the spectum observed by Fermi across the sky is
quite high, suggesting the presence of significant system-
atic errors and bringing into question the line-like nature
of the gamma-ray feature in question.

In this article, we do not attempt to resolve the ques-
tions of the origin (or existence) of this gamma-ray fea-
ture, but instead consider the characteristics of dark mat-
ter models that are capable of producing such a bright
mono-energetic line. In particular, requiring only that
such a dark matter candidate does not violate constraints
from other indirect detection searches (such as those de-
rived from gamma-ray observations of the Galactic Cen-
ter), avoids being overproduced in the early Universe,
and annihilates through perturbative interactions, we
find that only a relatively narrow range of models can
lead to such a spectral feature. We discuss each of these
possibilities in turn, as well as the relevant constraints
and prospects for testing them in other experiments, in-
cluding at the Large Hadron Collider.

II. DARK MATTER ANNIHILATIONS TO
GAMMA-RAY LINES

There are several classes of Feynman diagrams through
which two dark matter particles could potentially annihi-
late to a final state including one or more photons. In this
section, we focus on the final state ��, and consider four
classes of diagrams which could produce the reported line
signal. In the first three of these four cases, the photons
are produced through diagrams which include a charged
particle loop. If the mass of the charged particle(s) is
lighter than the mass of the dark matter, then the corre-
sponding tree-level cross section for annihilations to these
charged particles will exceed the loop-level process to ��
by many orders of magnitude (if the charged particle(s)
is only slightly heavier than the dark matter, tree-level
annihilations to o↵-shell pairs of these particles could still
potentially dominate). As we will discuss in Sec. IV, such
an enormous annihilation cross section to charged parti-
cles is in considerable violation of gamma-ray constraints
from observations of the Galactic Center and elsewhere.
With this in mind, we are forced to consider processes
in which particles heavier than the dark matter itself are
exchanged.

Throughout the remainder of this section, we have
adopted specific spin assignments for the dark matter

1
There are several significant di↵erences between the Fermi collab-

oration line analysis [23] and those of Refs. [17, 18]. In particular,

while Refs. [17, 18] use the up-to-date Pass 7 event selection, the

Fermi collaboration’s analysis uses Pass 6. The collaboration

analysis also considers a larger region of the sky relative to those

of Refs. [17, 18], which focus on the regions with the highest

expected signal-to-background.

FIG. 1: An example of a resonance-type diagram for dark
matter annihilation to two photons.

candidate. The conclusions reached, however, are not
materially impacted by this these choices.

A. Resonant Diagrams

The first case we consider are diagrams in which s-
channel type annihilation is combined with a charged
particle loop (such as that shown in Fig. 1) [1]. For this
class of diagrams with a scalar mediator, the low-velocity
annihilation cross section for two Majorana fermions, X,
is given by:

�v�� =
↵2g2F g

2
X

256⇡3

m2
F

[(4m2
X �m2

M )2 +m2
M�2

M ]

⇥

arctan[((m2

F �m2
X)/m2

X)�1/2]

�2
, (1)

where gF and gX denote the couplings between the s-
channel mediator and the charged particle in the loop,
and between the mediator and the dark matter, respec-
tively. Here mM and mF denote the masses of the s-
channel mediator and the particle in the loop, respec-
tively. We have assumed that the particle in the loop
carries unit charge. Once the conditionmF � mX is met,
the cross section to �� is maximized for mM = 2mX =
260 GeV and mF ⇡ mX . In the limit mF ! mX , this
leads to:

�v��,max =
↵2g2F g

2
X

512⇡ �2
M

(2)

⇡ 4⇥ 10�27cm3/s

✓
gF gX
1

◆2 ✓10GeV

�M

◆2

.

Thus such a resonance could potentially generate a cross
section large enough to account for the observed 130 GeV
feature (�v�� ⇠ 2⇥10�27 cm3/s), although only if each of
the following conditions are met: 1) the charged particle
is only modestly heavier than the dark matter, 2) the
couplings of the mediator to the dark matter and to the
charged fermion are large (of order unity), and 3) the
resonance lies within ⇠10 GeV or so of 2mX , constituting
a ⇠4% tuning.

4

FIG. 4: Dark matter annihilations to intermediate states
which then decay to photons.

Here, gX denotes the coupling of the dark matter to the
dark pion, and m⇡D is the mass of the dark pion. As
an example, the parameters m⇡D ⇡ 250 GeV, mX = 260
GeV, and gX = 0.25 leads to a cross section of⇠ 4⇥10�27

cm3/s, which could account for the observed gamma-ray
feature at 130 GeV.

III. ANNIHILATIONS TO �Z OR �h

In addition to processes which generate two photons,
dark matter particles in many models can also annihi-
late to final states consisting of a photon and an addi-
tional heavy neutral particle, such as a Z [4, 5] or a Higgs
boson [11]. Such processes also lead to mono-energetic
gamma-ray signatures, although at somewhat lower en-
ergies than result in the �� case: E� = mX �(m2

Z/4mX)
and E� = mX � (m2

h/4mX), respectively. In models in
which the observed gamma-ray line is produced by dark
matter annihilating to ��, annihilations to �Z and/or
�h could lead to the appearance of additional gamma-
ray lines at energies below 130 GeV. Alternatively, if the
dark matter is slightly heavier than 130 GeV and anni-
hilates more often to �Z or �h than to ��, such annihi-
lations could potentially account for the line at 130 GeV
itself. For an e↵ective field theory approach to dark mat-
ter annihilations producing multiple gamma-ray lines, see
Ref. [25].

For diagrams of the types shown in Figs. 1-3, we can
in each case replace one of the final state photons with
either a Z or a Higgs boson. The relative brightness of
the gamma-ray lines generated from each of the ��, �Z
and �h final states depend on the spins of the particles
involved, and on the couplings between the charged par-
ticle in the loop and the photon, Z, and Higgs boson.
For dark matter particles which annihilate to ��, annihi-
lations to �Z are all but inevitable, although the precise
ratio of the cross sections for these two line processes
depends on the electric charge and weak isospin of the
particle in the loop. In many of the most often studied
examples, the cross sections to �� and �Z are compara-

ble in magnitude (compare, for example, the results of
Refs. [1] and [4]). In the specific case of annihilations
through a resonant-type diagram (see Fig. 1) with a vec-
tor mediator, however, the �� final state is forbidden by
the Landau-Yang theorem [26]. In this case, gamma-ray
lines can only appear as a consequence of annihilations
to �Z or �h.
Annihilations to �h are important in a fairly narrow

class of dark matter models. In particular, dark mat-
ter in the form of either a scalar or a Majorana fermion
will annihilate to �h with a cross section that is highly
suppressed in the low-velocity limit relevant for annihi-
lations within the halo of the Milky Way. If the dark
matter consists of Dirac fermions or vectors, however,
annihilations to �h could be significant, although only if
the charged particle in the loop possesses a large coupling
to the Higgs boson. Due to its large Yukawa coupling,
the top quark makes for an attractive candidate to oc-
cupy this loop [11]. The large coupling and multiple col-
ors of the top quark, however, are o↵set somewhat by its
smaller electric charge (2/3), which suppresses the ��t�t
vertex. Also, annihilation through a top quark loop nec-
essarily require a comparable rate of annihilations to bb̄
through a top quark-W± loop.
If the 130 GeV line under consideration is the result

of dark matter annihilating to ��, then a second line
from annihilations to �Z should be expected to appear
at approximately 115 GeV. The splitting between these
two lines is comparable to the energy resolution of Fermi
and could likely be distinguished with enough data. If
annihilations to �h also occur, then a third line would
appear at ⇠100 GeV (for mh ⇡ 125 GeV). The observa-
tion of either or both of these additional lines in future
data would provide strong supporting evidence in favor
of a dark matter interpretation of this feature. If no ad-
ditional line (at least from �Z) is found, it would signif-
icantly constrain the range of dark matter models which
could account for this signal.

IV. CONSTRAINTS FROM THE GALACTIC
CENTER

The most often cited constraints on the dark matter
annihilation cross section are those derived from Fermi’s
observations of dwarf spheroidal galaxies [27, 28]. The
fact that the dark matter distributions in these objects
can be directly constrained by their observed stellar dy-
namics make the resulting constraints quite robust and
only modestly dependent on the choice of halo profile
model that is adopted.2 For the situation at hand, how-

2
While Refs. [27] and [28] each implicitly assume that the dark

matter in dwarf spheroidal galaxies follows an NFW profile, these

results are based on observations of regions larger than the scale

radius of the halo, and thus other choices for the halo profile

consistent with the observed stellar kinematics will yield similar

MRB and Hooper 1205.6811
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PAMELA & Fermi

• Excess of positrons at high energies, no associated 
excess in anti-protons

15

How does Fermi tells e+ apart from e-? 

Fermi-LAT Collaboration, 1109.0521 

PAMELA 0810.4995 Fermi 2011 
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Theory Implications

• If due to Dark Matter annihilation, requires large 
cross section (             thermal), lepton final states 
but no hadrons.
• One solution: Sommerfeld enhancement via a light 

boson, 
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Figure 7: One-step DM annihilation. As in fig. 6, here for DM annihilations into 4e (left

column), 4µ (middle), 4⌧ (right), via a light intermediate new particle.
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a)

χ

χ
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φ
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mφ ∼ GeV

b)

χ

χ

φ

φ

FIG. 3: The annihilation diagrams χχ → φφ both with (a) and without (b) the Sommerfeld enhancements.

for ordinary WIMP annihilations, mediated by W/Z/γ exchange).

Because of the presence of a new light state, the annihilation χχ → φφ can, and naturally will, be significant. In

order not to spoil the success of nucleosynthesis, we cannot have very light new states in this sector, with a mass <∼ 10

MeV, in thermal equilibrium with the standard model; the simplest picture is therefore that all the light states in the

dark sector have a mass ∼ GeV. Without any special symmetries, there is no reason for any of these particles to be

exactly stable, and the lightest ones can therefore only decay back to standard model states, indeed many SM states

are also likely kinematically inaccessible, thus favoring ones that produce high energy positrons and electrons. This

mechanism was first utilized in [19] to generate a large positron signal with smaller π0 and p̄ signals. Consequently, an

important question is the tendency of φ to decay to leptons. This is a simple matter of how φ couples to the standard

model. (A more detailed discussion of this can be found in [30].)

A scalar φ can couple with a dilaton-like coupling φFµνFµν , which will produce photons and hadrons (via gluons).

Such a possibility will generally fail to produce a hard e+e− spectrum. A more promising approach would be to mix

φ with the standard model Higgs with a term κφ2h†h. Should φ acquire a vev 〈φ〉 ∼ mφ, then we yield a small mixing

with the standard model Higgs, and the φ will decay into the heaviest fermion pair available. For mφ
<∼ 200 MeV

it will decay directly to e+e−, while for 200 MeV<∼ mφ
<∼ 250 MeV, φ will decay dominantly to muons. Above that

hadronic states appear, and pion modes will dominate. Both e+e− and µ+µ− give good fits to the PAMELA data,

while e+e− gives a better fit to PAMELA+ATIC.

A pseudoscalar, while not yielding a Sommerfeld enhancement, could naturally be present in this new sector. Such

a particle would typically couple to the heaviest particle available, or through the axion analog of the dilaton coupling

above. Consequently, the decays of a pseudoscalar would be similar to those of the scalar.

A vector boson will naturally mix with electromagnetism via the operator F ′
µνF

µν . This possibility was considered

some time ago in [40]. Such an operator will cause a vector φµ to couple directly to charge. Thus, for mφ
<∼ 2mµ it

will decay to e+e−, while for 2mµ
<∼ mφ

<∼ 2mπ it will decay equally to e+e− and µ+µ−. Above 2mπ, it will decay

40% e+e−, 40% µ+µ− and 20%π+π−. At these masses, no direct decays into π0’s will occur because they are neutral

and the hadrons are the appropriate degrees of freedom. At higher masses, where quarks and QCD are the appropriate

degrees of freedom, the φ will decay to quarks, producing a wider range of hadronic states, including π0’s, and, at

suitably high masses mφ
>∼ 2 GeV, antiprotons as well [66]. In addition to XDM [18], some other important examples

of theories under which dark matter interacts with new forces include WIMPless models [41], mirror dark matter [42]

and secluded dark matter [43].

Note that, while these interactions between the sectors can be small, they are all large enough to keep the dark

and standard model sectors in thermal equilibrium down to temperatures far beneath the dark matter mass, and (as

mentioned in the previous section), we can naturally get the correct thermal relic abundance with a weak-scale dark

matter mass and perturbative annihilation cross sections. Kinetic equilibrium in these models is naturally maintained

down to the temperature TCMB ∼ mφ [44].

m� < 2mp

Arkani-Hamed et al 0810.0713
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Dark Photons
• PAMELA anomaly possibly pulsars, so why is this 

interesting?
• Revealed a theoretically interesting possibility:
• Dark            kinetically mixed with the photon
• Can be searched for at low                                 

energy    -beams (JLAB) 
• Or at b-factories
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FIG. 1: Left: Existing constraints on an A

0. Shown are constraints from electron and muon anomalous magnetic moment
measurements, ae and aµ, the BaBar search for ⌥(3S) ! �µ

+
µ

�, three beam dump experiments, E137, E141, and E774,
and supernova cooling (SN). These constraints are discussed further in Section III. Right: Existing constraints are shown in
gray, while the various lines — light green (upper) solid, red short-dashed, purple dotted, blue long-dashed, and dark green
(lower) solid — show estimates of the regions that can be explored with the experimental scenarios discussed in Section IVA–
IVE, respectively. The discussion in IV focuses on the five points labeled “A” through “E”. The orange stripe denotes the
“D-term” region introduced in section IIA, in which simple models of dark matter interacting with the A

0 can explain the
annual modulation signal reported by DAMA/LIBRA. Along the thin black line, the A

0 proper lifetime c⌧ = 80µm, which is
approximately the ⌧ proper lifetime.

energy e

+

e

� colliders are a powerful laboratory for the
study of an A

0 with ✏ & 10�4 and mass above ⇠ 200
MeV, particularly in sectors with multiple light states
[32, 33, 34, 35, 36]. Their reach in ✏ is limited by lu-
minosity and irreducible backgrounds. However, an A

0

can also be produced through bremsstrahlung o↵ an elec-
tron beam incident on a fixed target [34]. This approach
has several virtues over colliding-beam searches: much
larger luminosities, of O(1 ab�1

/day) can be achieved,
scattering cross-sections are enhanced by nuclear charge
coherence, and the resulting boosted final states can be
observed with compact special-purpose detectors.

Past electron “beam-dump” experiments, in which a
detector looks for decay products of rare penetrating par-
ticles behind a stopped electron beam, constrain & 10
cm vertex displacements and ✏ & 10�7. The thick shield
needed to stop beam products limits these experiments to
long decay lengths, so thinner targets are needed to probe
shorter displacements (larger ✏ and m

A

0). However, beam
products easily escape thin targets and constitute a chal-
lenging background in downstream detectors.

The five benchmark points labeled “A” through “E”
in Figure 1 (right) require di↵erent approaches to these
challenges, discussed in Section IV. We have estimated
the reach of each scenario, summarized in Figure 1
(right), in the context of electron beams with 1–6 GeV
energies, nA–µA average beam currents, and run times
⇠ 106 s. Such beams can be found for example at the

Thomas Je↵erson National Accelerator Facility (JLab),
the SLAC National Accelerator Laboratory, the electron
accelerator ELSA, and the Mainzer Mikrotron (MAMI).

The scenarios for points A and E use 100 MeV–1 GeV
electron beam dumps, with more complete event recon-
struction or higher-current beams than previous dump
experiments. Low-mass, high-✏ regions (e.g. B and C)
produce boosted A

0 and forward decay products with
mm–cm displaced vertices. Our approaches exploit very
forward silicon-strip tracking to identify these vertices,
while maintaining reasonable occupancy — a limiting
factor. At still higher ✏, no displaced vertices are re-
solvable and one must take full advantage of the kine-
matic properties of the signal and background processes,
including the recoiling electron, using either the forward
geometries of B and C or a wider-angle spectrometer (e.g.
for point D). Spectrometers operating at various labora-
tories appear capable of probing this final region.

We focus on the case where the A

0 decays directly to
Standard Model fermions, but the past experiments and
proposed scenarios are also sensitive (with di↵erent ex-
clusions) if the A

0 decays to lighter U(1)0-charged scalars,
and to direct production of axion-like states.

Outline

In Section II, we summarize the properties of A

0 pro-
duction through bremsstrahlung in fixed-target colli-
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e

sions. Constraints from past experiments and from neu-
trino emission by SN 1987A are presented in Section III.
In Section IV, we describe the five new experimental sce-
narios and estimate the limiting backgrounds. We con-
clude in Section V with a summary of the prospects for
new experiments. More detailed formulas, which we use
to calculate our expected search reaches, and a more de-
tailed discussion of some of the backgrounds, are given
in Appendices A, B, and C .

II. THE PHYSICS OF NEW U(1) VECTORS IN
FIXED TARGET COLLISIONS

A. Theoretical Preliminaries

Consider the Lagrangian

L = L
SM

+ ✏

Y

F

Y,µ⌫

F

0
µ⌫

+
1
4
F

0,µ⌫

F

0
µ⌫

+ m

2

A

0A
0µ

A

0
µ

, (3)

where L
SM

is the Standard Model Lagrangian, F

0
µ⌫

=
@

[µ

A

0
⌫]

, and A

0 is the gauge field of a massive dark U(1)0

gauge group [1]. The second term in (3) is the kinetic
mixing operator, and ✏ ⇠ 10�8 � 10�2 is naturally gen-
erated by loops at any mass scale of heavy fields charged
under both U(1)0 and U(1)

Y

; the lower end of this range
is obtained if one or both U(1)’s are contained in grand-
unified (GUT) groups, since then ✏ is only generated by
two-or three-loop GUT-breaking e↵ects.

A simple way of analyzing the low-energy e↵ects of the
A

0 is to treat kinetic mixing as an insertion of p

2

g

µ⌫

�p

µ

p

⌫

in Feynman diagrams, making it clear that the A

0 couples
to the electromagnetic current of the Standard Model
through the photon. This picture also clarifies, for ex-
ample, that new interactions induced by kinetic mixing
must involve a massive A

0 propagator, and that e↵ects
of mixing with the Z-boson are further suppressed by
1/m

2

Z

. Equivalently, one can redefine the photon field
A

µ ! A

µ+✏A

0µ as in [37], which removes the kinetic mix-
ing term and generates a coupling eA

µ

J

µ

EM

� ✏eA

0
µ

J

µ

EM

of the new gauge boson to electrically charged particles
(here ✏ ⌘ ✏

Y

cos ✓

W

). Note that this does not induce
electromagnetic millicharges for particles charged under
the A

0. The parameters of concern in this paper are ✏

and m

A

0 .
We now explain the orange stripe in Figure 1 — see

[3, 4, 5] for more details. In a supersymmetric theory,
the kinetic mixing operator induces a mixing between
the D-terms associated with U(1)0 and U(1)

Y

. The hy-
percharge D-term gets a vacuum expectation value from
electroweak symmetry breaking and induces a weak-scale
e↵ective Fayet-Iliopoulos term for U(1)0. Consequently,
the Standard Model vacuum can break the U(1)0 in the
presence of light U(1)0-charged degrees of freedom, giving
the A

0 a mass,

m

A

0 ⇠ p✏g

D

p
g

Y

m

W

g

2

, (4)

e�e�

Z

A0

�

FIG. 2: A

0 production by bremsstrahlung o↵ an incoming
electron scattering o↵ protons in a target with atomic number
Z.

`+

`�

`+

`�

e�

Z Z

e�

(a) (b)

FIG. 3: (a) �

⇤ and (b) Bethe-Heitler trident reactions that
comprise the primary QED background to A

0 ! `

+
`

� search
channels.

where g

D

, g

Y

, and g

2

are the the U(1)0, U(1)
Y

, and
Standard Model SU(2)

L

gauge couplings, respectively,
and m

W

is the W-boson mass. Equation (4) relates
✏ and m

A

0 as indicated by the orange stripe in Figure
1 for g

D

⇠ 0.1 � 1. This region is not only theoret-
ically appealing, but also roughly corresponds to the
region in which the annual modulation signal observed
by DAMA/LIBRA can be explained by dark matter,
charged under the U(1)0, scattering inelastically o↵ nuclei
through A

0 exchange. We therefore include these lines for
reference in our plots.

B. A

0 Production in Fixed-Target Collisions

A

0 particles are generated in electron collisions on a
fixed target by a process analogous to ordinary pho-
ton bremsstrahlung, see Figure 2. This can be reli-
ably estimated in the Weizsäcker-Williams approxima-
tion (see Appendix A for more details) [38, 39, 40].
When the incoming electron has energy E

0

, the di↵er-
ential cross-section to produce an A

0 of mass m

A

0 with
energy E

A

0 ⌘ xE

0

is

d�

dxd cos ✓

A

0
⇡ 8Z

2

↵

3

✏

2

E

2

0

x

U

2

Log

⇥

(1� x +

x

2

2
)� x(1� x)m2

A

0

�
E

2

0

x ✓

2

A

0

�

U

2

�
(5)

where Z is the atomic number of the target atoms,
↵ ' 1/137, ✓

A

0 is the angle in the lab frame between the
emitted A

0 and the incoming electron, the Log (⇠ 5� 10

3
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Exclusion Overview

• GeV-TeV dark matter from halo (                      ) 
imparts                         to nuclear targets
• Multiple technologies with multiple target elements 

(Ge, Xe) sensitive                                                   
to a range of

• Such plots are a                                                     
great way to say                                                     
how well you didn’t                                                  
see dark matter.
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v � 300 m/s
1� 100 keV

mX

5

for moderate variations in the definition of any of the data
quality cuts. These events were observed on January 23,
February 12, and June 3, at 30.2 keVnr, 34.6 keVnr, and
12.1 keVnr, respectively. The event distribution in the
TPC is shown in Fig. 4. Given the background expecta-
tion of (1.8±0.6) events, the observation of 3 events does
not constitute evidence for dark matter, as the chance
probability of the corresponding Poisson process to re-
sult in 3 or more events is 28%.
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CoGeNT

CDMS (2010)

CDMS (2011)

EDELWEISS (2011)

XENON10 (S2 only, 2011)

XENON100 (2010)

XENON100 (2011)
observed limit (90% CL)

Expected limit of this run: 

 expectedσ 2 ±
 expectedσ 1 ±

Buchmueller et al.

Trotta et al.

FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method tak-
ing into account all relevant systematic uncertainties, is shown
as the thick (blue) line together with the expected sensitivity
of this run (yellow/green band). The limits from XENON100
(2010) [7], EDELWEISS (2011) [6], CDMS (2009) [5] (re-
calculated with vesc = 544 km/s, v0 = 220 km/s), CDMS
(2011) [19] and XENON10 (2011) [20] are also shown. Ex-
pectations from CMSSM are indicated at 68% and 95% CL
(shaded gray [21], gray contour [22]), as well as the 90% CL ar-
eas favored by CoGeNT [23] and DAMA (no channeling) [24].

The statistical analysis using the Profile Likelihood
method [17] does not yield a significant signal excess ei-
ther, the p-value of the background-only hypothesis is
31%. A limit on the spin-independent WIMP-nucleon
elastic scattering cross-section � is calculated where
WIMPs are assumed to be distributed in an isothermal
halo with v0 = 220 km/s, Galactic escape velocity vesc =
(544+64

�46) km/s, and a density of ⇢� = 0.3GeV/cm3. The
S1 energy resolution, governed by Poisson fluctuations of
the PE generation in the PMTs, is taken into account.
Uncertainties in the energy scale as indicated in Fig. 1,
in the background expectation and in vesc are profiled
out and incorporated into the limit. The resulting 90%
confidence level (CL) limit is shown in Fig. 5 and has
a minimum � = 7.0 ⇥ 10�45 cm2 at a WIMP mass of
m� = 50GeV/c2. The impact of Le↵ data below 3 keVnr

is negligible at m� = 10GeV/c2. The sensitivity is the
expected limit in absence of a signal above background
and is also shown in Fig. 5. Due to the presence of
two events around 30 keVnr, the limit at higher m� is

weaker than expected. Within the systematic di↵erences
of the methods, this limit is consistent with the one from
the optimum interval analysis, which calculates the limit
based only on events in the WIMP search region. Its
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, is 1471 kg ⇥ days.
This result excludes a large fraction of previously unex-
plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [21]. Moreover, the new result challenges
the interpretation of the DAMA [24] and CoGeNT [23]
results as being due to light mass WIMPs.
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Direct Detection Anomalies
• DAMA/Libra: Na-I crystal in Gran Sasso
• Don’t reject background. Look for DM in 

modulation of overall rate due to Earth’s motion 
around the Sun and through the Galactic halo
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Figure 1: Experimental model-independent residual rate of the single-hit scintillation
events, measured by DAMA/LIBRA,1,2,3,4,5,6 in the (2 – 4), (2 – 5) and (2 – 6)
keV energy intervals as a function of the time. The zero of the time scale is January
1st of the first year of data taking of the former DAMA/NaI experiment [15]. The
experimental points present the errors as vertical bars and the associated time bin
width as horizontal bars. The superimposed curves are the cosinusoidal functions
behaviors A cosω(t − t0) with a period T = 2π

ω = 1 yr, with a phase t0 = 152.5 day
(June 2nd) and with modulation amplitudes, A, equal to the central values obtained
by best fit over the whole data including also the exposure previously collected by
the former DAMA/NaI experiment: cumulative exposure is 1.17 ton × yr (see also
ref. [15] and refs. therein). The dashed vertical lines correspond to the maximum
expected for the DM signal (June 2nd), while the dotted vertical lines correspond to
the minimum. See text.
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Direct Detection Anomalies
• CoGeNT: Ge crystal detector
• Attempts to be very low background, very low 

energy threshold.
• Claims an excess of events

• In tension with CDMS claims
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FIG. 1: In the upper-left frame, we show the raw spectrum of nuclear recoil candidate events as observed by CoGeNT, as
originally presented in Ref. [5]. In the other three frames, this spectrum has been corrected using three di↵erent estimates for
CoGeNT’s surface event correcton factor, as shown in Fig. 2. In each frame, a spectrum of events from dark matter is shown
(dashed line), along with this signal plus a flat background from Compton scattering (solid line).
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FIG. 2: CoGeNT’s surface event rejection correction factor (the fraction of nuclear recoil candidate events that are not surface
events) as recently presented in Ref. [13]. The four curves shown (including the horizontal line) correspond to the correction
factors used to generate the corresponding spectra in Fig. 1.

factor. As mentioned previously, the upper-left frame of
Fig. 1 depicts the spectrum of events assuming a per-
fect surface event rejection e�ciency (100% of all surface
events are identified as such, at all energies). The other

three frames show the remaining spectrum of events after
applying the most mild (green), central (red), and most
stringent (blue) correction factor, as shown in Fig. 2, to
the raw spectrum. For each of these choices of the surface

Kelso et al  1110.5338
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Direct Detection Anomalies
• CoGeNT also claims modulation at low energies
• Somewhat inconsistent with                          

simple DM velocity profiles
• Not seen by CDMS, but analysis                              

does not include lowest energies

22

4

FIG. 4: Time evolution of the rate in several energy regions.
The last bin spans eight days. A dotted line denotes the
best-fit modulation found. A solid line indicates nominal pre-
dictions (see text). These lines overlap for the bottom panels.

the muon flux at SUL varies seasonally by ±2%, and
radon levels by a factor ∼4 [24]. Muon-coincident events
constitute a few percent of the low-energy spectrum [1],
limiting a muon-induced modulated amplitude to <<1%
[6]. Rejection of veto-coincident events does not alter the
observed modulation. Radon displacement via pressur-
ized LN boil-off gas is continuously maintained at 2 l/min
within an aluminum shell encasing the lead shielding [25].
A radon-induced modulation would be expected to affect
a much broader spectral region than observed [26].
The CDMS collaboration has recently claimed [7] to

exclude a light-WIMP interpretation of CoGeNT and
DAMA/LIBRA observations. In view of the compatibil-
ity of a mχ∼7 GeV/c2, σSI ∼ 10−4pb WIMP with both
CoGeNT (Fig. 1) and CDMS [16], a search for an annual
modulation in CDMS data seems in order. Observations
from XENON10 [18] and XENON100 [8] have been used
to generate a similar rejection of light-WIMP scenarios.
The assumptions in [8, 18] are examined in [17], where
no presently compelling case for this exclusion is found.
In conclusion, presently available CoGeNT data favor

the presence of an annual modulation in the low-energy
spectral rate, for events taking place in the bulk of the
detector only. While its origin is presently unknown,

the spectral and temporal information are prima facie
congruent when the WIMP hypothesis is examined: in
particular, the WIMP mass region most favored by the
spectral analysis (Fig. 2) generates predictions for the
modulated amplitude in good agreement with observa-
tions, modulo the dependence of this assertion on the
choice of astrophysical parameters [21–23].
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FIG. 7: The impact of tidal streams on the modulation spectrum measured at CoGeNT. In the left frame, the result of a simple
Maxwellian distribution is shown, for a dark matter mass of 10 GeV and an elastic scattering cross section of �n = 3⇥ 10�41

cm2. In the center frame, we add a tidal stream of dark matter, with a velocity of 475 km/s, a local density of 0.072 GeV/cm3

(24% of the density of the smooth halo), and a dispersion of 15 km/s. The characteristics of this stream were chosen to explain
CoGeNT’s rather high error bar at 2.5 keVee (and, for the appropriate choice of the sodium quenching factor, the peak in the
DAMA/LIBRA spectrum as well; see the upper right frame of Fig. 6). In the right frame, we add a second stream, with a
velocity of 165 km/s, a local density of 0.045 GeV/cm3 (15% of the density of the smooth halo), and a dispersion of 15 km/s.

were chosen to explain CoGeNT’s rather high error bar at
2.5 keVee (and, for the appropriate choice of the sodium
quenching factor, the peak in the DAMA/LIBRA spec-
trum as well; see the upper right frame of Fig. 6). In the
right frame, we add a second stream, with a velocity of
165 km/s, a local density of 0.045 GeV/cm3 (15% of the
density of the smooth halo), and a dispersion of 15 km/s.

Given the presently limited resolution of numerical
simulations, it is di�cult to assess the probability of sig-
nificant tidal streams being present in our local neigh-
borhood. Relatively small streams many order of mag-
nitude below the length scales that can be currently re-
solved could be very important. As an approximate lower
limit, we note that current simulations [40] find signifi-
cant streams to be present at our location of the Milky
Way in roughly a few percent of realizations [7].

B. Velocity-Dependent Dark Matter Scattering

If the dark matter’s scattering cross section with nu-
clei increases with the velocity of the dark matter parti-
cle, the degree of seasonal variation in the observed rate
can be larger than is predicted in the standard (velocity-
independent) case. Inelastic dark matter scenarios are a
well known example of models in which the dark mat-
ter possesses velocity-dependent cross sections. In such
models, the dark matter can only scatter with nuclei by
being excited into a slightly heavier (typically on the or-
der of 100 keV) state [42]. This requirement suppresses
the rate of low energy events, and can increase the degree
of annual modulation.

Inelastic dark matter, however, does not appear help
in reconciling the spectra observed by CoGeNT and
CRESST-II with the modulation of DAMA/LIBRA and
CoGeNT. In particular, the spectrum of events from in-
elastically scattering dark matter is predicted to be quite
flat at low energies, unlike that observed by CoGeNT and
CRESST-II.

Other models which introduce a velocity dependent
scattering cross section include form factor dark mat-
ter [43] and resonant dark matter models [44] (see also
Refs. [45, 46]). Each of these classes of models hold
promise for potentially explaining the large degree of
modulation observed by DAMA/LIBRA and CoGeNT.
In the first case, a new form factor is introduced which
induces a momentum dependence in the interaction be-
tween dark matter and nuclei, enhancing the cross sec-
tion for higher velocity dark matter particles. While this
feature can boost the observed modulation amplitude, it
will also distort the spectrum of events. In the case of
resonant dark matter, the interaction cross section is sig-
nificantly enhanced near a particular center-of-mass en-
ergy, leading to large (and potentially narrow in energy)
modulation amplitudes.
As the CoGeNT collaboration collects more data,

the spectrum of the modulation amplitude will become
rapidly better measured, making it possible to begin to
discriminate between the various options described in
this section. By the summer of 2012, CoGeNT will have
doubled the size of its data set, and with less background
contamination from L-shell electron capture peaks than
was present in earlier data. In addition, the CoGeNT
collaboration plans to deploy the first of four CoGeNT-4
(C4) detectors in early 2012, roughly quadrupling their
e↵ective target mass. If streams or resonances are respon-
sible for a significant fracton of the observed modulation,
these features will become increasingly apparent as this
data set grows.

V. SUMMARY AND DISCUSSION

In this article, we have compared the signals reported
by the DAMA/LIBRA, CoGeNT, and CRESST-II col-
laborations. We summarize our finding as follows:

• The spectra of events reported by CoGeNT and
CRESST-II are in good agreement, and (for a typi-

Kelso et al  1110.5338
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Direct Detection Anomalies

• CRESST-II: Ca-O-W crystal, measure light yield 
and phonon energy to discriminate background
• Also sees excess at low energies
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Fig. 12. (Color online) Light yield distribution of the accepted
events, together with the expected contributions of the back-
grounds and the possible signal. The solid and dashed lines
correspond to the parameter values in M1 and M2, respec-
tively.

6.2 Significance of a Signal

As described in Section 5.1, the likelihood function can be
used to infer whether our observation can be statistically
explained by the assumed backgrounds alone. To this end,
we employ the likelihood ratio test. The result of this test
naturally depends on the best fit point in parameter space,
and we thus perform the test for both likelihood maxima
discussed above. The resulting statistical significances, at
which we can reject the background-only hypothesis, are

for M1: 4.7�
for M2: 4.2�.

In the light of this result it seems unlikely that the
backgrounds which have been considered can explain the
data, and an additional source of events is indicated.
Dark Matter particles, in the form of coherently scatter-
ing WIMPs, would be a source with suitable properties.
We note, however, that the background contributions are
still relatively large. A reduction of the overall background
level will reduce remaining uncertainties in modeling these
backgrounds and is planned for the next run of CRESST
(see Section 7).

6.3 WIMP Parameter Space

In spite of this uncertainty, it is interesting to study the
WIMP parameter space which would be compatible with
our observations. Fig. 13 shows the location of the two
likelihood maxima in the (m�,�WN)-plane, together with
the 1� and 2� confidence regions derived as described in
Section 5.1. The contours have been calculated with re-
spect to the global likelihood maximum M1. We note that
the parameters compatible with our observation are con-
sistent with the CRESST exclusion limit obtained in an
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Fig. 13. The WIMP parameter space compatible with the
CRESST results discussed here, using the background model
described in the text, together with the exclusion limits from
CDMS-II [12], XENON100 [13], and EDELWEISS-II [14], as
well as the CRESST limit obtained in an earlier run [1]. Ad-
ditionally, we show the 90% confidence regions favored by Co-
GeNT [15] and DAMA/LIBRA [16] (without and with ion
channeling). The CRESST contours have been calculated with
respect to the global likelihood maximum M1.

earlier run [1], but in considerable tension with the limits
published by the CDMS-II [12] and XENON100 [13] ex-
periments. The parameter regions compatible with the ob-
servation of DAMA/LIBRA (regions taken from [16]) and
CoGeNT [15] are located somewhat outside the CRESST
region.

7 Future Developments

Several detector improvements aimed at a reduction of the
overall background level are currently being implemented.
The most important one addresses the reduction of the al-
pha and lead recoil backgrounds. The bronze clamps hold-
ing the target crystal were identified as the source of these
two types of backgrounds. They will be replaced by clamps
with a substantially lower level of contamination. A sig-
nificant reduction of this background would evidently re-
duce the overall uncertainties of our background models
and allow for a much more reliable identification of the
properties of a possible signal.

Another modification addresses the neutron back-
ground. An additional layer of polyethylene shielding
(PE), installed inside the vacuum can of the cryostat, will
complement the present neutron PE shielding which is
located outside the lead and copper shieldings.

The last background discussed in this work is the leak-
age from the e/�-band. Most of these background events
are due to internal contaminations of the target crystals
so that the search for alternative, cleaner materials and/or
production procedures is of high importance. The mate-
rial ZnWO4, already tested in this run, is a promising
candidate in this respect.
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M1 M2

e/�-events 8.00± 0.05 8.00± 0.05

↵-events 11.5+2.6
�2.3 11.2+2.5

�2.3

neutron events 7.5+6.3
�5.5 9.7+6.1

�5.1

Pb recoils 15.0+5.2
�5.1 18.7+4.9

�4.7

signal events 29.4+8.6
�7.7 24.2+8.1

�7.2

m� [GeV] 25.3 11.6

�WN [pb] 1.6 · 10�6 3.7 · 10�5

Table 4. Results of the maximum likelihood fit. Shown are
the expected total contributions from the backgrounds consid-
ered as well as from a possible WIMP signal, for the parameter
values of the two likelihood maxima. The small statistical er-
ror given for the e/�-background reflects the large number of
observed events in the e/�-band. The other errors correspond
to a 1� confidence interval as determined by MINOS (see Sec-
tion 5.1). The corresponding WIMP mass and interaction cross
section are listed for each of the two likelihood maxima.

one event per module according to the choice of the ac-
ceptance region, with a negligible statistical uncertainty
due to the large number of events in the e/�-band. The
lead recoil and the ↵-background are similar to our simple
estimates given in Section 4. Both these backgrounds are
slightly larger than the contribution from neutron scatter-
ings. In the context of the latter, the fit assigns roughly
half of the coincident events to neutrons from a radioac-
tive source and to muon-induced neutrons, respectively.
This translates into about 10% of the single neutron back-
ground being muon-induced.

In both likelihood maxima the largest contribution is
assigned to a possible WIMP signal. The main di↵erence
between the two likelihood maxima concerns the best-fit
WIMP mass and the corresponding cross section, with
m� = 25.3GeV in case of M1 and m� = 11.6GeV for the
case M2. The possibility of two di↵erent solutions for the
WIMP mass can be understood as a consequence of the
di↵erent nuclei present in our target material. The given
shape of the observed energy spectrum can be explained
by two sets of WIMP parameters: in the case of M1, the
WIMPs are heavy enough to detectably scatter o↵ tung-
sten nuclei (cp. Fig. 1), about 69 % of the recoils are on
tungsten, ⇠ 25 % on calcium and ⇠ 7 % on oxygen, while
in M2, oxygen (52 %) and calcium recoils (48 %) constitute
the observed signal and lead to a similar spectral distri-
bution in terms of the recoil energy. The two possibilities
can, in principle, be discriminated by the light yield dis-
tribution of the signal events. However, at the low recoil
energies in question, there is considerable overlap between
the oxygen, calcium, and tungsten bands, so that we can
currently not completely resolve the ambiguity. This may,
however, change in a future run of the experiment.

Fig. 11 illustrates the fit result, showing an energy
spectrum of all accepted events together with the expected
contributions of backgrounds and WIMP signal. The solid
lines correspond to the likelihood maximum M1, while
the dashed lines belong to M2. The complicated shape
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Fig. 11. (Color online) Energy spectrum of the accepted
events from all detector modules, together with the expected
contributions from the considered backgrounds and a WIMP
signal, as inferred from the likelihood fit. The solid and dashed
lines correspond to the fit results M1 and M2, respectively.

of the expectations is the result of taking into account
the energy-dependent detector acceptances. In particular,
the di↵erent energy thresholds of the individual detector
modules lead to a steep increase of the expectations when
an additional module sets in.

We note that neither the expected ↵- or lead recoil
backgrounds nor a possible neutron background resemble
a WIMP signal in terms of the shape of their energy spec-
trum. Even if our analysis severely underestimated one
of these backgrounds, this could therefore hardly be the
explanation of the observed event excess.

On the other hand, the leakage of e/�-events rises
steeply towards low energies and one may be tempted to
consider a strongly underestimated e/�-background as the
source of the observation. However, in addition to the en-
ergy spectrum, also the distribution in the light yield pa-
rameter needs to be taken into account. Fig. 12 shows the
corresponding light yield spectrum of the accepted events,
together with the expectations from all considered sources.
Again, the shape of the expectations is the result of the
individual detector acceptances being considered. As ex-
pected, the contributions from the e/�- and also from the
↵-background quickly decrease towards lower light yields
and thus di↵er significantly from the expected distribution
of a WIMP signal.

In order to check the quality of the likelihood fit, we
calculate a p-value according to the procedure summarized
in Section 5.1. We divide the energy-light yield plane into
bins of 1 keV and 0.02, respectively, and include the accep-
tance region of each module as well as the alpha- and Pb
recoil reference regions in the calculation. The two likeli-
hood maxima are found to give very similar results, with
p-values of about 0.36 and 0.35, respectively. This not very
small value for p indicates an acceptable description by our
background-and-signal model.

CRESST 1109.0702
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Light Dark Matter

• Anomalies in conflict with XENON results
• 10 GeV not quite the weak scale, but thermal relic 

motivation can work for it as well
• But can’t be the MSSM

• Heavy nuclear targets                                              
not ideal for light DM
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Fig. 12. (Color online) Light yield distribution of the accepted
events, together with the expected contributions of the back-
grounds and the possible signal. The solid and dashed lines
correspond to the parameter values in M1 and M2, respec-
tively.

6.2 Significance of a Signal

As described in Section 5.1, the likelihood function can be
used to infer whether our observation can be statistically
explained by the assumed backgrounds alone. To this end,
we employ the likelihood ratio test. The result of this test
naturally depends on the best fit point in parameter space,
and we thus perform the test for both likelihood maxima
discussed above. The resulting statistical significances, at
which we can reject the background-only hypothesis, are

for M1: 4.7�
for M2: 4.2�.

In the light of this result it seems unlikely that the
backgrounds which have been considered can explain the
data, and an additional source of events is indicated.
Dark Matter particles, in the form of coherently scatter-
ing WIMPs, would be a source with suitable properties.
We note, however, that the background contributions are
still relatively large. A reduction of the overall background
level will reduce remaining uncertainties in modeling these
backgrounds and is planned for the next run of CRESST
(see Section 7).

6.3 WIMP Parameter Space

In spite of this uncertainty, it is interesting to study the
WIMP parameter space which would be compatible with
our observations. Fig. 13 shows the location of the two
likelihood maxima in the (m�,�WN)-plane, together with
the 1� and 2� confidence regions derived as described in
Section 5.1. The contours have been calculated with re-
spect to the global likelihood maximum M1. We note that
the parameters compatible with our observation are con-
sistent with the CRESST exclusion limit obtained in an
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Fig. 13. The WIMP parameter space compatible with the
CRESST results discussed here, using the background model
described in the text, together with the exclusion limits from
CDMS-II [12], XENON100 [13], and EDELWEISS-II [14], as
well as the CRESST limit obtained in an earlier run [1]. Ad-
ditionally, we show the 90% confidence regions favored by Co-
GeNT [15] and DAMA/LIBRA [16] (without and with ion
channeling). The CRESST contours have been calculated with
respect to the global likelihood maximum M1.

earlier run [1], but in considerable tension with the limits
published by the CDMS-II [12] and XENON100 [13] ex-
periments. The parameter regions compatible with the ob-
servation of DAMA/LIBRA (regions taken from [16]) and
CoGeNT [15] are located somewhat outside the CRESST
region.

7 Future Developments

Several detector improvements aimed at a reduction of the
overall background level are currently being implemented.
The most important one addresses the reduction of the al-
pha and lead recoil backgrounds. The bronze clamps hold-
ing the target crystal were identified as the source of these
two types of backgrounds. They will be replaced by clamps
with a substantially lower level of contamination. A sig-
nificant reduction of this background would evidently re-
duce the overall uncertainties of our background models
and allow for a much more reliable identification of the
properties of a possible signal.

Another modification addresses the neutron back-
ground. An additional layer of polyethylene shielding
(PE), installed inside the vacuum can of the cryostat, will
complement the present neutron PE shielding which is
located outside the lead and copper shieldings.

The last background discussed in this work is the leak-
age from the e/�-band. Most of these background events
are due to internal contaminations of the target crystals
so that the search for alternative, cleaner materials and/or
production procedures is of high importance. The mate-
rial ZnWO4, already tested in this run, is a promising
candidate in this respect.
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Asymmetric Dark Matter

• Light dark matter not what’s expected of a WIMP
• The one matter component we know of (baryons), 

not a thermal relic.
• Maybe DM is asymmetric (      not     ) as well.
• Especially interesting                                                

for ~10 GeV DM

25
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Asymmetric Dark Matter

• Lots of recent literature on this:
• Many possible DM masses,                                      

interactions, asymmetry generating mechanisms...
• But ADM must be asymmetric
• So large interactions with something:
• Assume effective operators formalism, and 

annihilation into quarks: 

26

D.E. Kaplan et al 0901.4117
Cohen & Zurek 0909.2035
MRB & Randall 1009.0270
.... (see Refs. [1-2] of 1109.2164)
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Asymmetric Dark Matter

• Lower limits on      from direct detection, collider 
searches, applicability of formalism (                   )
• Upper limits from over-annihilation of ADM
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FIG. 1: Constraints on the scale ⇤ as a function of dark matter mass m� for the eight operators of Eqs. (1)-(8) (in order left
to right and descending). Solid blue curve is the upper bound on ⇤ from the requirement that the symmetric component of
dark matter compose less than 10% of the measured value in the Universe (dotted blue is the value of ⇤ that gives the total
amount, i.e. in a thermal dark matter scenario). Solid red is the lower bound on ⇤ from direct detection experiments. Dashed
red is the lower bound on ⇤ from Tevatron monojet searches, taken from Ref. [28] (see also [26, 27]). Black solid line shows the
lower bound from the requirement that ⇤ > m�/2⇡. Regions above the monojet and direct detection minimum m� which are
allowed after all constraints are shown in grey. See text for further details.

ciently into some new dark state that is either very light
or unstable, decaying into Standard Model particles be-
fore Big Bang Nucleosynthesis (BBN) (see for example
Ref. [58]). In the former case, CMB and BBN constraints

on the number of relativistic species (usually stated in
terms of the number of neutrino flavors) must be avoided.
This could be achieved through significant entropy injec-
tion into the thermal bath after dark matter annihilation

MRB 1104.1429
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m� < 2��
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Collider Experiments
• Dark matter invisible at LHC, Tevatron
• Look for associate monojet/monophoton

• Recent Theory work using razor variable:
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jet limits and the combined razor/monojet limits. We show the constraints on spin-independent

scattering from CDMS [2], CoGeNT [36], CRESST [37], DAMA [38], and XENON-100 [3], and

the constraints on spin-dependent scattering from COUPP [39], DAMA [38], PICASSO [40], SIM-

PLE [41], and XENON-10 [42]. We have assumed large systematic uncertainties on the DAMA

quenching factors: q
Na

= 0.3 ± 0.1 for sodium and qI = 0.09 ± 0.03 for iodine [43], which gives

rise to an enlargement of the DAMA allowed regions. All limits are shown at the 90% confidence

level. For DAMA and CoGeNT, we show the 90% and 3� contours based on the fits of [44], and

for CRESST, we show the 1� and 2� contours.
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As in the case of direct detection, we assume universal DM couplings in quark flavor. In

Fig. 7, we show h�v
rel

i as functions of the DM mass, taking hv2reli = 0.24, which corresponds

to the average DM velocity during the freeze-out epoch. A much smaller average hv2reli,
e.g. in the galactic environment, would lead to stronger bounds. If the DM has additional

annihilation modes, the bounds weaken by a factor of 1/BR(�̄� ! q̄q). Assuming that

the e↵ective operator description is still valid during the freeze-out epoch, the thermal relic

density cross-section is ruled out at 90 % C.L. for m�
<⇠ 20 GeV for OV , and m�

<⇠ 100 GeV

for OA.

Fox et al  1203.1662 L = 800 pb�1



Matthew R Buckley 32

Collider Experiments

• Actual monojet results from CMS (                    ):

• Bounds get weaker if there is a light mediator 
(effective theory inapplicable)
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Figure 1: The 90% CL upper limits on the dark matter-nucleon cross section as a function of M� for (a) spin
independent and (b) spin dependent interactions. Also shown are the bounds from other experiments.

4 Interpretation

Since there is no observed excess of events in the data over those expected from SM backgrounds,
limits are set on the production of dark matter particles. The observed limit on the cross section
is dependent on the mass of the dark matter particle and the nature of its interactions with the
SM particles. The upper limits on the dark matter production cross sections, as a function of
M�, for the vector and axial-vector interactions can be converted to lower limits on the e↵ective
contact interaction scale �. These are then translated to an upper limit on the dark matter-
nucleon scattering cross section, within the e↵ective theory framework 6. Figure 1 shows the
90% CL upper limits on the dark matter-nucleon scattering cross section as a function of the
mass of the dark matter particle for the spin dependent and spin independent interactions. Also
shown are the results from other experiments, including the CDF monojet analysis 11. For spin
dependent interactions, the bounds from the CMS monojet and monophoton analyses surpass
all previous constraints for the 1�200 GeV mass range. For spin independent interactions, these
limits extend the excluded M� range into the previously inaccessible region below 3.5 GeV.

In summary, results are presented for searches for dark matter at CMS using the monojet and
monophoton plus 6ET signatures. The observed event yields are consistent with those expected
from SM backgrounds. Hence, limits are set on the dark matter-nucleon scattering cross section
as a function of M� and represent a significant extension to those from previous experiments.
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N-body Simulations

• Simulations getting to the point where we can 
begin to ask detailed questions about galactic 
structure. 
• Example: Missing Satellite Problem
•  CDM simulations do not                                  

have dwarf galaxies with                                        
the luminosities and                                        
masses observed.
• Evidence for some                                            

warm dark matter?
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spherical Jeans equation, Thomas et al. (2011) have shown
that this mass estimator accurately reflects the mass as de-
rived from axisymmetric orbit superposition models as well.
This result suggests that Eqns. (1) and (2) are also applica-
ble in the absence of spherical symmetry, a conclusion that
is also supported by an analysis of Via Lactea II subhalos
(Rashkov et al. 2012).

We focus on the bright MW dSphs – those with LV >
105 L� – for several reasons. Primary among them is that
these systems have the highest quality kinematic data and
the largest samples of spectroscopically confirmed member
stars to resolve the dynamics at r

1/2. The census of these
bright dwarfs is also likely complete to the virial radius of
the Milky Way (⇠ 300 kpc), with the possible exception of
yet-undiscovered systems in the plane of the Galactic disk;
the same can not be said for fainter systems (Koposov et al.
2008; Tollerud et al. 2008). Finally, these systems all have
half-light radii that can be accurately resolved with the high-
est resolution N -body simulations presently available.

The Milky Way contains 10 known dwarf spheroidals
satisfying our luminosity cut of LV > 105 L�: the 9 clas-
sical (pre-SDSS) dSphs plus Canes Venatici I, which has a
V -band luminosity comparable to Draco (though it is sig-
nificantly more spatially extended). As in BBK, we remove
the Sagittarius dwarf from our sample, as it is in the pro-
cess of interacting (strongly) with the Galactic disk and is
likely not an equilibrium system in the same sense as the
other dSphs. Our final sample therefore contains 9 dwarf
spheroidals: Fornax, Leo I, Sculptor, Leo II, Sextans, Ca-
rina, Ursa Minor, Canes Venatici I, and Draco. All of these
galaxies are known to be dark matter dominated at r

1/2

(Mateo 1998): Wolf et al. (2010) find that their dynamical
mass-to-light ratios at r

1/2 range from ⇠ 10� 300.
The Large and Small Magellanic Clouds are dwarf ir-

regular galaxies that are more than an order of magnitude
brighter than the dwarf spheroidals. The internal dynamics
of these galaxies indicate that they are also much more mas-
sive than the dwarf spheroidals: V

circ

(SMC) = 50�60 km s�1

(Stanimirović et al. 2004; Harris & Zaritsky 2006) and
V
circ

(LMC) = 87 ± 5 km s�1 (Olsen et al. 2011). Abun-
dance matching indicates that galaxies with luminosities
equal to those of the Magellanic Clouds should have V

infall

⇡
80 � 100 km s�1 (BBK); this is strongly supported by the
analysis of Tollerud et al. (2011). A conservative estimate
of subhalos that could host Magellanic Cloud-like galaxies
is therefore V

infall

> 60 km s�1 and V
max

> 40 km s�1. As in
BBK, subhalos obeying these two criteria will be considered
Magellanic Cloud analogs for the rest of this work.

3 COMPARING ⇤CDM SUBHALOS TO
MILKY WAY SATELLITES

3.1 A preliminary comparison

Density and circular velocity profiles of isolated dark mat-
ter halos are well-described (on average) by Navarro et al.
(1997, hereafter, NFW) profiles, which are specified by two
parameters – i.e., virial mass and concentration, or V

max

and r
max

. Average dark matter subhalos are also well-fitted
by NFW profiles inside of their tidal radii, though recent
work has shown that the 3-parameter Einasto (1965) profile

Figure 1. Observed V
circ

values of the nine bright dSphs
(symbols, with sizes proportional to log LV ), along with ro-
tation curves corresponding to NFW subhalos with V

max

=
(12, 18, 24, 40) km s�1. The shading indicates the 1� scatter in
r
max

at fixed V
max

taken from the Aquarius simulations. All of
the bright dSphs are consistent with subhalos having V

max


24 km s�1, and most require V

max

. 18 km s�1. Only Draco, the
least luminous dSph in our sample, is consistent (within 2�) with
a massive CDM subhalo of ⇡ 40 km s�1 at z = 0.

provides a somewhat better match to the profiles of both
simulated halos (Navarro et al. 2004; Merritt et al. 2006;
Gao et al. 2008; Ludlow et al. 2011) and subhalos (Springel
et al. 2008) even when fixing the Einasto shape parameter
(thereby comparing models with two free parameters each).
To connect this work to the analysis of BBK, Figure 1 com-
pares the measured values of V

circ

(r
1/2) for the nine bright

MW dSphs to a set of dark matter subhalo rotation curves
based on NFW fits to the Aquarius subhalos; the shaded
bands show the 1� scatter from the simulations in r

max

at
fixed V

max

. More detailed modeling of subhalos’ density pro-
files will be presented in subsequent sections.

It is immediately apparent that all of the bright dSphs
are consistent with NFW subhalos of V

max

= 12�24 km s�1,
and only one dwarf (Draco) is consistent with V

max

>
24 km s�1. Note that the size of the data points is pro-
portional to galaxy luminosity, and no obvious trend exists
between L and V

circ

(r
1/2) or V

max

(see also Strigari et al.
2008). Two of the three least luminous dwarfs, Draco and
Ursa Minor, are consistent with the most massive hosts,
while the three most luminous dwarfs (Fornax, Leo I, and
Sculptor) are consistent with hosts of intermediate mass
(V

max

⇡ 18 � 20 km s�1). Each of the Aquarius simulations
contains between 10 and 24 subhalos with V

max

> 25 km s�1,
almost all of which are insu�ciently massive to qualify as
Magellanic Cloud analogs, indicating that models populat-
ing the most massive redshift zero subhalos with the bright-
est MW dwarfs will fail.

c� 2012 RAS, MNRAS 000, 1–17

Boylan-Kolchin et al 1111.2048

mass
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N-body Simulations

• But such simulations use only dark matter
• Luminous dwarfs have high baryon/DM ratio
• Baryon+DM simulations see a reduction in 

central DM density today
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Fig. 3.— The DM density profiles of SPH satellites (solid black lines) and their DM-only counterparts (blue dashed lines) at z = 0.
The left panel shows the four most luminous SPH satellites, which are also still gas-rich at z = 0. The middle panel shows the four most
luminous, gas-free satellites, and the right panel shows the four least luminous SPH satellites. Luminous SPH satellites have significantly
shallower central density profiles than DM-only satellites, while low-luminosity SPH satellites retain central density cusps similar to their
DM-only counterparts.

that would match the MW’s dSph population, which are
all gas-free dwarfs, and simulated satellites that more
closely resemble the Magellanic clouds, which are gas-
rich. All of the satellites categorized as low luminosity
are gas-free.
In Figure 3 we show the dark matter density pro-

files, ρ(r), for a subsample of the SPH satellites (black
solid lines) and their DM-only counterparts (blue dashed
lines). Each panel in this figure shows satellites from one
of the three categories we have defined – the four most lu-
minous gas-rich satellites are shown in the left panel, the
four most luminous and gas-free galaxies in the middle
panel, and the four least luminous satellites in the right
panel. Figure 3 shows that the most luminous and gas
rich satellites in the SPH runs are less dense and have
flatter inner density profiles than their DM-only coun-
terparts. While the luminous gas-free satellites (middle
panel) do not appear strongly cored, a direct comparison
between the SPH and DM-only matches shows that the
SPH runs do have a more shallow inner profile. Impor-
tantly, these gas-free, luminous satellites have dramati-
cally lower densities overall than their DM-only counter-
parts. At the lowest luminosity end, however, the satel-
lites in the SPH and DM-only runs tend to have compa-
rable density profiles (slope and normalization). Hence,
the process that lowers the density in our SPH satellites
is more effective at the high stellar mass end than at the
low stellar mass end. We demonstrate that this process
is related to the SFH of each satellite in the next sec-
tion. We note that because the DM particle masses in
the SPH run are lower than in the DM-only run by the
cosmic baryon factor, fbar (i.e., these particles have been
split into DM and gas in the initial conditions), we have
reduced the DM-only densities by fbar in order to make
a direct comparison in this figure.
Figures 2 and 3 demonstrate that, even at moderate

dSph galaxy luminosities (MV ! −12, similar to Leo
I or And II), baryonic processes result in an expanded
and shallower central dark matter distribution than pre-
dicted by DM-only simulations. We conclude that DM-
only simulations, or models based on an assumption of
adiabatic contraction, make physically incorrect predic-
tions for the central (< 1 kpc) masses of dwarf galaxies
more luminous than Leo I (MV = −11.9). They are thus
inadequate tools for interpreting the observed dynamics
of dwarf galaxies in a cosmological context. Even when

the cored8 density profiles of our simulated dwarfs do
not have a flat slope (γ = 0), the absolute values of den-
sity in the central regions are still dramatically reduced
compared to expectations from a DM-only simulation.
The general conclusions discussed in this paper are not

dependent on resolution effects. Springel et al. (2008) ex-
amined the convergence of density profiles in very high
resolution DM-only simulations (the Aquarius simula-
tions). They found that the density converged at 4− 6×
the force softening, ε. We verified, using a lower resolu-
tion DM-only run with 1.5× larger force softening, that
the density slopes in these simulations converge by 4ε, or
700pc. Using the same lower resolution simulation, we
found that vc is 90% converged by 1 kpc. The vc con-
vergence radius is larger than for density, because vc is a
cumulative quantity.
In the remainder of the paper we will often compare

vc values in the SPH and DM runs at 1 kpc. As will be
seen in the next section, the vc values at 1 kpc show the
dramatic effect that baryonic physics has on the SPH
runs, but avoids biasing this value due to convergence
issues at smaller radii. More importantly, the vc values at
1 kpc between the SPH and DM-only runs are in excellent
agreement in our low-mass subhalos for which baryons do
not dramatically alter the evolution. The convergence
of SPH and DM-only results in these lower mass halos
(which, by definition, contain fewer particles than their
high mass counterparts) demonstrates that there are no
spurious numerical effects introduced by the lower mass
baryonic particles in the SPH runs.

4. MASS DEPENDENT EVOLUTION OF SATELLITES
WITH BARYONS

In this Section, we study the evolution of the satellites
in the SPH runs to understand the processes that lead to
the lower concentration of mass at z =0 in the more lu-
minous satellites. We first focus on their evolution prior
to infall (see Table 2 for their properties at infall), and
then on their subsequent evolution after infall. We will
demonstrate that DM core creation happens in luminous
SPH satellites prior to their infall, and that tidal strip-
ping effects after infall exacerbate the mass discrepancy
compared to their DM-only counterparts.

8 In the rest of this paper, we will use the term “cored” to refer to
all slopes shallower than predicted by DM-only simulations alone.

Zolotov et al in preparation
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Conclusions

• The WIMP model is very successful and well 
motivated solution to Dark Matter.
• Not the only solution

• Recent years have shown us tantalizing hints from 
experiments that are difficult to explain by vanilla 
WIMP scenarios
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Conclusions

• Many interesting theoretical models have resulted, 
revealing the breadth of what’s possible in the Dark Sector:
• Sommerfeld enhancements, iDM, leptophilic DM, 

asymmetric DM, dark photons...

• Some of these have since been ruled out (or their 
motivating hint has disappeared), but in some cases, have 
opened new experimental arenas

• The take away: The Dark Sector doesn’t have to be simple, 
and we need to keep an open mind as results come in.
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