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evidence for CDM 

• galactic rotation curves


• velocity dispersion of galaxies in clusters


• CMB data and SN Ia data


• distribution of galaxies


• strong lensing measurements of background 
objects (usually galaxies) 


• bullet cluster


• success of BBN (DM is non-baryonic)


• growth of structure (cold DM)

Most of the universe is beyond the standard 
model

DM is 

collisionless, not 

part of the 

standard model



Evidence for dark matter...

NGC 2403 rotation curve and model

Scales of dark matter

• DM tested in wide variety of arenas

Scales of dark matter
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Scales of dark matter
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WIMP DM

The WIMP “miracle”
assume thermal 

equilibrium
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When T<< MWIMP, number 
density falls as e-M/T

assume thermal 
equilibrium

For: T ⌧ M� Neq / e�M�/T

Assuming thermal equilibrium:
Too much DM

Too little DM
about right
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Signals of thermal DM

–Production (accelerators)
–Cosmic rays/indirect detection (PAMELA/
Fermi/WMAP...)

–Direct detection (DAMA/XENON/CDMS...)
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Thermal DM signals

Direct Detection scattering off 

normal matter, Xe, Ar, Ge, Si:

Indirect detection: Dark matter 

annihilation into gamma-rays, 


cosmic rays, neutrinos

Dark matter production at colliders



Direct Detection:

How to detect WIMPs 
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Minimum recoil velocity:

Figure 5: f(v) and HealPix skymaps of the fraction of particles above vmin coming from a given
direction, for VL2 sample sphere #03 which contains a fast-moving subhalo. The top row is
in the halo rest frame (vmin = 400 km/s), and the middle translated into the Earth rest frame
(vmin = 500 km/s). For comparison the bottom row shows the Maxwell-Boltzmann halo case
without substructure.

calculate HR and  for all 100 sample spheres, and in each sphere for a full 2⇡ rotation (in
one degree increments) of the direction of Earth’s motion. We show in Fig. 6 for VL2 the
distribution of HR as a function of v

min

and the distribution of  for the case without a
velocity threshold and for v

min

= 500 km/s. For small velocities the mean of HR is unity
and the r.m.s. variation is only 10%. As v

min

increases, HR grows: at v
min

= 600 km/s,
the mean HR is 1.3±0.35, and at v

min

= 700 km/s it’s 3.1±1.4. The downturn at the very
highest velocities is caused by running out of particles in the sample spheres. There are
also marked changes in the direction of the hottest pixel. Even without a velocity threshold
(v

min

= 0 km/s) in 38% of all cases the direction of the hottest spot on the sky is more
than 10� removed from the direction of Earth’s motion (i.e. the MB halo expectation). At
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Thus, different tar-

gets provide best 

choice for different

 dark matter mass 

ranges(still unknown what’s the right place to 

look). Also the exact assumptions on the velocity

distribution and the significance of local sub-

structure and streams can matter in some cases


10 Direct Detection Program Roadmap 33

0.00 0.05 0.10 0.15 0.20 0.25 0.30

1

10

100

Ethreshold@keVD

R
HE th
L@co

un
ts
ê100

0
kg
êyrD

Integrated Rate for mc=1 GeVêc2, s=1¥10-45 cm2

0 2 4 6 8 10

10

100

Ethreshold@keVD

R
HE th
L@co

un
ts
ê100

0
kg
êyrD

Integrated Rate for mc=10 GeVêc2, s=1¥10-45 cm2

0 10 20 30 40 50

10

100

Ethreshold@keVD

R
HE th
L@co

un
ts
ê100

0
kg
êyrD

Integrated Rate for mc=100 GeVêc2, s=1¥10-45 cm2

0 20 40 60 80 100

1.

10.

Ethreshold@keVD

R
HE th
L@co

un
ts
ê100

0
kg
êyrD

Integrated Rate for mc=1000 GeVêc2, s=1¥10-45 cm2

Figure 20. Integrated rate versus energy threshold for 1 (upper left), 10 (upper right), 100 (lower left)
and 1,000GeV (lower right) WIMP masses, assuming a spin-independent WIMP-nucleon cross section of
10�45 cm2, shown for Xenon (blue), Germanium (purple), Argon (green), Silicon (brown) and Neon (orange)
target.

10 Direct Detection Program Roadmap

10.1 Projected Progress in WIMP Direct Detection

The first two decades of dark matter direct detection experiments have yielded a diverse and successful
program, although not yet definitive evidence for WIMPs. Starting with just a few experiments using
solid-state targets, the technologies used for these experiments have grown considerably. There has been a
remarkable improvement in WIMP sensitivities, especially in that range where the WIMP mass is comparable
to the atomic mass of the target nuclei. A selection of spin-independent results from the first two decades of
these experiments, and projections for the coming decade are shown in Fig. 22, 1, 23, for three representative
WIMP masses. A “Moore’s law” type improvement is particularly evident for larger WIMP masses, with a
sensitivity doubling time of roughly 18 months. Note that direct detection experiments have sensitivity to
very large WIMP masses, much larger than those accessible to the LHC. More recently, there has also been
rapid progress in sensitivity to low-mass WIMPs.

Sensitivity projections are subject to uncertainties from many factors, including technical issues with the
experiments, the appearance of unexpected backgrounds and delays in funding. Despite these uncertainties,

Community Planning Study: Snowmass 2013
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FIG. 21: Benchmark speed distributions (in the
Earth’s reference frame) used in Sec. VII.

Parameter Prior type Prior Range

m� / GeV log-flat [1,1000]

�SI
p / cm2 log-flat [10�46, 10�42]

{ak} linearly-flat [-50, 50]

TABLE XI: Summary of priors used in Section VII.

In this work, we consider the specific case of v
0

=
220 km s�1 and spectral index k = 2.0. For all three
distributions, we impose a hard cut o↵ above the es-
cape speed v

esc

= 544 km s�1 in the Galactic frame.
These benchmark distributions, which we will refer to
as SHM, SHM+DD and LIS respectively, are illustrated
in in Fig. 21.

We assume that the local dark matter density ⇢� is
known exactly. As described in Sec. II C, ⇢� in fact
has an uncertainty of around 50%. However, the local
dark matter density is entirely degenerate with the in-
teraction cross section. We are therefore free to fix ⇢�

in our reconstructions, as long as we acknowledge that
this 50% uncertainty should now be associated with the
reconstructed values of �SI

p

. We note that we use only
N = 1000 live points in MultiNest for this section, as
the reconstructions are quite computationally intensive.
Finally, we include in Table XI a list of prior ranges used
in the reconstructions.

C. Reconstructing m� and �SI
p

We now present the results of parameter reconstruc-
tions for the particle physics parameters (m�, �SI

p ). Fig.
22 show the 68% and 95% credible contours in the m�-
�SI

p plane for all 9 benchmarks obtained using all 5 ex-
periments detailed in Table I. Also shown are the true

values of the WIMP mass and cross section (crosses) and
the best fit (i.e. maximum likelihood) values (triangles).
In all 9 cases, the true values lie within the 95% contours,
indicating that there are no significant problems with the
reconstructions, for a range of WIMP masses and distri-
bution functions. For the 50 GeV WIMP, we also note
that the best fit point for all three distributions is close
to the true values. For the high mass case, there is signif-
icant degeneracy along a line �SI

p

/ m�. This occurs in
all experiments (regardless of whether astrophysical un-
certainties are considered) and, as previously mentioned,
is caused by a loss of sensitivity to the WIMP mass. If
m� significantly exceeds the mass of the target nucleus,
the recoil energy imparted becomes independent of m�.
Varying the WIMP mass then simply rescales the total
number of WIMPs (for a given DM density), leading to
the degeneracy along �SI

p

/ m�.

There also appears to be a bias in the reconstructed
value of the cross section for both the 10 GeV and
50 GeV WIMPs. This occurs because for lower mass
WIMPs, experiments probe only relatively high-speed
WIMP speeds. There is therefore little information about
what fraction of WIMPs lie at lower speeds, outside the
sensitivity of the experiments. This problem is unavoid-
able in methods which make no assumptions about the
speed distribution. Due to finite energy sensitivity win-
dows, direct-detection experiments can only probe a fi-
nite range of speeds. This problem is worst for the case
of 10 GeV WIMPs, for which only the high-v tail of the
distribution is probed, leading to a strong degeneracy in
the cross section. We note, however, that this degeneracy
in the cross section does not a↵ect the reconstruction of
the WIMP mass, with no significant bias observed along
the m� direction.

Next we consider how the number of experiments im-
pact these reconstructions, focusing on the reconstructed
WIMP mass. Consider, for example, data from a single
experiment. In attempting to fit particle- and astro-
physics to this data, any change in the reconstructed
WIMP mass can be exactly compensated by a change
in the fitted WIMP speed distribution. This leads to a
strong degeneracy and almost no constraints placed on
the mass. Physically, a single experiment measures the
energies of incoming WIMPs. Thus, a given nuclear re-
coil may be due to a heavy, slow-moving particle or a
lighter, faster-moving particle. Incorporating data from
di↵erent experiments allows this degeneracy to be bro-
ken, as a WIMP of a given mass and speed produces
di↵erent recoil energies in di↵erent detectors.

Fig. 23 shows the marginalized posterior for the WIMP
mass for all 9 benchmarks. We show the posterior ob-
tained using data from all 5 hypothetical experiments,
as well as the posterior obtained using data from sev-
eral pairings of detectors: Ar+Ge, Xe+Ar and Xe+Ge.
The reconstruction of the WIMP mass does not appear
to di↵er significantly between di↵erent underlying distri-
bution functions. This is a reflection of the fact that the
parametrization used here is able to e↵ectively marginal-

Peter et. al. 1310.7039

Kuhlen et. al. JCAP 2010



Spin-Independent Landscape 
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Update from CoGeNT

In 2010, CoGeNT using PPC Ge to push 
ionization thresholds down to <0.5 keV; 
reported an excess of low-energy events with 
spectrum consistent with a ~10 GeV/c2 WIMP 

Phys.$Rev.$LeE.$106$(2011)$131301$

21 Fermilab W&C, March 2014 

Recent updates to earlier hint: 
CoGeNT 

In 2011, reports a modulation of events in the  
0.5-3.0 keVee region with ~2σ significance, 
corresponding to a large fractional modulation 

In 2014,  Analysis of 3.4 years of data shows 
persistent ~2σ modulation in low-energy region, 
arXiv:1401.3295; Alternative maximum likelihood 
analysis qualitatively supports earlier analysis, 
but with less significant excess seen at low 
energies, arXiv:1401:6234. 
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FIG. 3: Low-energy spectrum after all cuts, prior to efficiency
corrections. Arrows indicate expected energies for all viable
cosmogenic peaks (see text). Inset: Expanded threshold re-
gion, showing the 65Zn and 68Ge L-shell EC peaks. Over-
lapped on the spectrum are the sigmoids for triggering ef-
ficiency (dotted), trigger + microphonic PSD cuts (dashed)
and trigger + PSD + rise time cuts (solid), obtained via high-
statistics electronic pulser calibrations. Also shown are ref-
erence signals (exponentials) from 7 GeV/c2 and 10 GeV/c2

WIMPs with spin-independent coupling σSI = 10−4pb.

at least down to 1 keV, the possibility remains of some
unrejected surface events closer to threshold. A compar-
ison with the distribution of 241Am surface events (Fig.
2, top) indicates that any such contamination should be
modest.

Fig. 3 displays Soudan spectra following the rise time
cut, which generates a factor 2-3 reduction in background
(Fig. 2). Modest PSD cuts applied against microphonics
are as described in [1]. This residual spectrum is domi-
nated by events in the bulk of the crystal, like those from
neutron scattering, cosmogenic activation, or dark mat-
ter particle interactions. Several cosmogenic peaks are
noticed, many for the first time. All cosmogenic prod-
ucts capable of producing a monochromatic signature are
indicated. Observable activities are incipient for all.

We employ methods identical to those in [1] to ob-
tain Weakly Interacting Massive Particle (WIMP) and
Axion-Like Particle (ALP) dark matter limits from these
spectra. The energy region employed to extract WIMP
limits is 0.4-3.2 keVee (from threshold to full range of
the highest-gain digitization channel). A correction is
applied to compensate for signal acceptance loss from
cumulative data cuts (solid sigmoid in Fig. 3, inset).
In addition to a calculated response function for each
WIMP mass [1], we adopt a free exponential plus a
constant as a background model to fit the data, with
two Gaussians to account for 65Zn and 68Ge L-shell

FIG. 4: Top panel: 90% C.L. WIMP exclusion limits from
CoGeNT overlaid on Fig. 1 from [7]: green shaded patches
denote the phase space favoring the DAMA/LIBRA annual
modulation (the dashed contour includes ion channeling).
Their exact position has been subject to revisions [8]. The
violet band is the region supporting the two CDMS candi-
date events. The scatter plot and the blue hatched region
represent the supersymmetric models in [9] and their uncer-
tainties, respectively. For WIMP masses in the interval 7-
11 GeV/cm2 a best fit to CoGeNT data does not favor a
background-only model. The region encircled by a solid red
line contains the 90% confidence interval in WIMP coupling
for those instances. The relevance of XENON10 constraints in
this low-mass region has been questioned [15]. Bottom panel:
Limits on axio-electric coupling gaēe for pseudoscalars of mass
ma composing a dark isothermal galactic halo (see text).

EC. The energy resolution is as in [1], with parameters
σn=69.4 eV and F=0.29. The assumption of an irre-
ducible monotonically-decreasing background is justified,
given the mentioned possibility of a minor contamination
from residual surface events and the rising concentration
towards threshold that rejected events exhibit. A sec-
ond source of possibly unaccounted for low-energy back-
ground are the L-shell EC activities from observed cos-
mogenics lighter than 65Zn. These are expected to con-
tribute < 15% of the counting rate in the 0.5-0.9 keVee
region (their L-shell/K-shell EC ratio is ∼ 1/8 [6]). A
third possibility, quantitatively discussed below, consists
of recoils from unvetoed muon-induced neutrons.
Fig. 4 (top) displays the extracted sensitivity in spin-

independent coupling (σSI) vs. WIMP mass (mχ). For
mχ in the range ∼7-11 GeV/c2 the WIMP contribution
to the model acquires a finite value with a 90% confidence
interval incompatible with zero. The null hypothesis (no
WIMP component in the model) fits the data with re-

2010, 
excess:

3
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lapped on the spectrum are the sigmoids for triggering ef-
ficiency (dotted), trigger + microphonic PSD cuts (dashed)
and trigger + PSD + rise time cuts (solid), obtained via high-
statistics electronic pulser calibrations. Also shown are ref-
erence signals (exponentials) from 7 GeV/c2 and 10 GeV/c2

WIMPs with spin-independent coupling σSI = 10−4pb.
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unrejected surface events closer to threshold. A compar-
ison with the distribution of 241Am surface events (Fig.
2, top) indicates that any such contamination should be
modest.

Fig. 3 displays Soudan spectra following the rise time
cut, which generates a factor 2-3 reduction in background
(Fig. 2). Modest PSD cuts applied against microphonics
are as described in [1]. This residual spectrum is domi-
nated by events in the bulk of the crystal, like those from
neutron scattering, cosmogenic activation, or dark mat-
ter particle interactions. Several cosmogenic peaks are
noticed, many for the first time. All cosmogenic prod-
ucts capable of producing a monochromatic signature are
indicated. Observable activities are incipient for all.
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the highest-gain digitization channel). A correction is
applied to compensate for signal acceptance loss from
cumulative data cuts (solid sigmoid in Fig. 3, inset).
In addition to a calculated response function for each
WIMP mass [1], we adopt a free exponential plus a
constant as a background model to fit the data, with
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line contains the 90% confidence interval in WIMP coupling
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σn=69.4 eV and F=0.29. The assumption of an irre-
ducible monotonically-decreasing background is justified,
given the mentioned possibility of a minor contamination
from residual surface events and the rising concentration
towards threshold that rejected events exhibit. A sec-
ond source of possibly unaccounted for low-energy back-
ground are the L-shell EC activities from observed cos-
mogenics lighter than 65Zn. These are expected to con-
tribute < 15% of the counting rate in the 0.5-0.9 keVee
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third possibility, quantitatively discussed below, consists
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Fig. 4 (top) displays the extracted sensitivity in spin-

independent coupling (σSI) vs. WIMP mass (mχ). For
mχ in the range ∼7-11 GeV/c2 the WIMP contribution
to the model acquires a finite value with a 90% confidence
interval incompatible with zero. The null hypothesis (no
WIMP component in the model) fits the data with re-
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FIG. 4: Rate vs. time in several energy regions (the last bin
spans 8 days). A dotted line denotes the best-fit modulation.
A solid line indicates a prediction for a 7 GeV/c2 WIMP in
a galactic halo with Maxwellian velocity distribution. Back-
ground contamination and/or a non-Maxwellian halo can shift
the amplitude of this nominal modulation (see text). Dotted
and solid lines overlap for the bottom panels.

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. Uncertainties affecting
this claim are discussed in [17, 27]. Observations from
XENON10 [16] and XENON100 [8] have been used to
claim a similar rejection of light-WIMP scenarios. Un-
certainties affecting these searches are examined in [18].

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 con-

gruent when the WIMP hypothesis is examined: in par-
ticular, the WIMP mass region most favored by a spectral
analysis (Fig. 2) generates predictions for the modulated
amplitude in agreement with observations, modulo the
dependence of this assertion on the choice of astrophysi-
cal parameters and halo velocity distribution [21–23, 28].
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FIG. 4: Rate vs. time in several energy regions (the last bin
spans 8 days). A dotted line denotes the best-fit modulation.
A solid line indicates a prediction for a 7 GeV/c2 WIMP in
a galactic halo with Maxwellian velocity distribution. Back-
ground contamination and/or a non-Maxwellian halo can shift
the amplitude of this nominal modulation (see text). Dotted
and solid lines overlap for the bottom panels.
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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. Uncertainties affecting
this claim are discussed in [17, 27]. Observations from
XENON10 [16] and XENON100 [8] have been used to
claim a similar rejection of light-WIMP scenarios. Un-
certainties affecting these searches are examined in [18].

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 con-

gruent when the WIMP hypothesis is examined: in par-
ticular, the WIMP mass region most favored by a spectral
analysis (Fig. 2) generates predictions for the modulated
amplitude in agreement with observations, modulo the
dependence of this assertion on the choice of astrophysi-
cal parameters and halo velocity distribution [21–23, 28].

ACKNOWLEDGMENTS

Work sponsored by NSF grants PHY-0653605 and
PHY-1003940, The Kavli Foundation and PNNL LDRD
program. N.F. and T.W.H. are supported by the
DOE/NNSA SSGF program and the National Consor-
tium for MASINT Research, respectively. We owe much
gratitude to SUL personnel for their assistance and to D.
Hooper and N. Weiner for many useful exchanges.

∗ Present address: Department of Physics, Stanford Uni-
versity, Stanford, CA 94305, USA

† Contact author: collar@uchicago.edu
‡ Present address: Physics Department, Technische Uni-
versität München, Munich, Germany

[1] C.E. Aalseth et al., Phys. Rev. Lett. 106 (2011) 131301.
[2] P.S. Barbeau, J.I. Collar and O. Tench, JCAP 09 (2007)

009.
[3] C.E. Aalseth et al., Phys. Rev. Lett. 101 (2008) 251301;

Erratum ibid 102 (2009) 109903.
[4] A.K. Drukier, K. Freese and D.N. Spergel, Phys. Rev.

D33 (1986) 3495.
[5] M.G. Marino, PhD Diss., Univ. of Washington (2010).
[6] CoGeNT collaboration, in preparation.
[7] Z. Ahmed et al., Phys. Rev. Lett. 106 (2011) 131302.
[8] E. Aprile et al., arXiv:1104.2549.
[9] J.N. Bahcall, Phys. Rev. 132 (1963) 362.

[10] P.S. Barbeau, Ph.D. Diss., University of Chicago (2009).
[11] D. Hooper et al., Phys. Rev. D82 (2010) 123509.
[12] R. Bernabei et al., Eur. Phys. J. C56 (2008) 333.
[13] D. Hooper and L. Goodenough, Phys. Lett. B697 (2011)

412; D. Hooper and T. Linden, Phys. Rev. D83 (2011)
083517; M.R. Buckley et al., arXiv:1104.3145 and
1103.6035; P.J. Fox et al., arXiv:1104.4127.

[14] N. Bozorgnia, G.B. Gelmini and P. Gondolo, JCAP
1011:019,2010.

[15] D.S. Akerib et al., Phys. Rev. D82 (2010) 122004.
[16] J. Angle et al., arXiv:1104.3088.
[17] J.I. Collar, arXiv:1103.3481.
[18] J.I. Collar, arXiv:1106.0653, submitted to PRD.
[19] J.D. Lewin and P.F. Smith, Astrop. Phys. 6 (1996) 87.
[20] K. Freese, J. Frieman and A. Gould, Phys. Rev. D37

(1988) 3388.
[21] M. Kuhlen et al., JCAP 1002 (2010) 030.
[22] P.J. Fox, J. Liu and N. Weiner, arXiv:1011.1915.
[23] C. Kelso and D. Hooper, JCAP 1102:002,2011.
[24] M. Goodman, Procs. of the 26th Intl. Cosmic Ray Conf.,

Aug. 17-25, Salt Lake City, Utah.
[25] http://cogent.pnnl.gov/gallery.stm
[26] G. Heusser et al., Appl. Radiat. Isot. 43 (1992) 9.
[27] Z. Ahmed et al., arXiv:1011.2482v3.

2014, 2sigma hint  
of annual mod.:

4

Similarly, the peak date associated to T = 365 days for
this group of events is tmax = 102 ± 47 days. We note
this is compatible with the tmax = 136±7 days found for
DAMA/LIBRA in the 2-4 keVee region of its spectrum
where its modulation is maximal [14, 33]. Best-fitted T
and tmax for the other three groups of events appear at
random values. Fits to these other three groups with
T = 365 days imposed do not favor the presence of a
modulation (Fig. 5). We ascertain that significant power
centered around T = 365 days appears only for the low-
energy bulk group via a periodogram analysis (Fig. 6,
[34–36]), taking binning precautions similar to those de-
scribed in [38].
This straightforward treatment, which incorporates

an improved discrimination against surface backgrounds
compared to our previous analyses, confirms our earlier
indication of an annual modulation in CoGeNT data [23],
exclusively for the subset of events liable to contain a
low-mass WIMP dark matter signal. Its significance is
modest in the present unoptimized form of analysis: us-
ing the likelihood ratio method described in [23] the hy-
pothesis of an annual modulation being present in the
low-energy bulk group is preferred to the null hypothesis
(no modulation) at the ∼ 2.2 σ level [39, 40]. However,
this frequentist approach does not take into consideration
information from DAMA/LIBRA and other searches as a
prior, specifically the potential relevance of the modula-
tion amplitude favored by CoGeNT, a subject developed
next. In this respect, we call attention to incipient ap-
plications of Bayesian methodology in this area [42–44].
The remainder of this paper focuses on the possibility of
using our observations to obtain a common phenomeno-
logical interpretation of recent intriguing results in direct
searches for dark matter.

DISCUSSION

A best-fit value of S = 12.4(±5)% is observed for the
low-energy bulk group when the L-shell EC contribu-
tion is subtracted directly (top panel in Fig. 5). If a
free T1/2 is allowed (second panel in the figure), this be-
comes S = 21.7(±15)%. If the irreducible low-energy
excess in the CoGeNT spectrum is considered to be the
response to a mχ ∼8 GeV/c2 WIMP, it would account
for 35% of the bulk events in the 0.5-2.0 keVee region,
the rest arising from a flat component originating mainly
in Compton scattering of gamma backgrounds (see dis-
cussion around Fig. 23 in [7]). This fraction is approxi-
mate, as it can change some with choice of background
model, and of rise-time cuts leading to slight variations
in the irreducible “pure” bulk spectrum. This putative
WIMP signal would then be oscillating with an annually-
modulated fractional amplitude in the range between
±35% and ±62%. This is larger by a factor ∼ 4− 7
than the ±9% expected for a WIMP of this mass in this
germanium energy region, when the zeroth-order approx-
imation of an isotropic Maxwellian halo is adopted [21].

FIG. 5. Best-fit modulations for the four groups of events,
after accounting for decaying background components (see
text). Dotted lines and data points are for unconstrained
modulations, solid lines for an imposed annual period. Verti-
cal arrows point at the position of the DAMA/LIBRA modu-
lation maxima [14]. A modulation compatible with a galactic
dark halo is found exclusively for bulk events, and only in
the spectral region where a WIMP-like exponential excess of
events is present.

A growing consensus is that a Maxwellian descrip-
tion of the motion of dark matter particles in the lo-
cal halo, the so-called standard halo model (SHM), is
incomplete, as it excludes several expected halo compo-

4

FIG. 4: Rate vs. time in several energy regions (the last bin
spans 8 days). A dotted line denotes the best-fit modulation.
A solid line indicates a prediction for a 7 GeV/c2 WIMP in
a galactic halo with Maxwellian velocity distribution. Back-
ground contamination and/or a non-Maxwellian halo can shift
the amplitude of this nominal modulation (see text). Dotted
and solid lines overlap for the bottom panels.

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. Uncertainties affecting
this claim are discussed in [17, 27]. Observations from
XENON10 [16] and XENON100 [8] have been used to
claim a similar rejection of light-WIMP scenarios. Un-
certainties affecting these searches are examined in [18].

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 con-

gruent when the WIMP hypothesis is examined: in par-
ticular, the WIMP mass region most favored by a spectral
analysis (Fig. 2) generates predictions for the modulated
amplitude in agreement with observations, modulo the
dependence of this assertion on the choice of astrophysi-
cal parameters and halo velocity distribution [21–23, 28].
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FIG. 10. The extracted WIMP and background signals com-
pared to the CoGeNT data in both energy and time. The
comparison in time is in 30 day bins. This fit was performed
with the WIMP oscillation amplitude, phase, and period all
allowed to float.

signal. For the data before the Soudan fire the extracted
phase is 114 ± 28 days, and for after the fire it was 174
± 91 days. The overall extracted number of WIMP type
events before the Soudan fire is 171 ± 74, and after it is
81 ± 48. While the two numbers are consistent given the
large statistical uncertainty, we note that this difference
is even larger when considering that the livetime for the
data set after the fire is larger than for the data before
the fire by ∼ 50%. The statistical uncertainty on these
results does not allow us to rule out the possibility of the
modulation having a WIMP origin.

C. Summary of extraction results

Table I summarizes the signal extraction results for all
the extractions attempted.

As a check of the validity of the signal extraction we
compare the extracted neutron background with the mea-
surement of the veto-germanium coincident rate. The
signal extraction gives a neutron rate of (0.64 ± 0.13)
cpd, which is in excellent agreement with the veto-
coincident rate of (0.67 ± 0.12) cpd.

D. Allowed regions and WIMP sensitivity

We generate likelihood contours from the maximum
likelihood signal extraction with free osillation parame-
ters and time-varying backgrounds. To take into account
the systematic uncertainty due to our understanding of
the surface events we also determined a contour with the
shape of the surface event energy distribution allowed to
float in the likelihood signal extraction. Figure 11 shows
our 90% C.L. contours compared to recent CDMS re-
sults and the previous CoGeNT result. The same figure
shows the WIMP sensitivity curves (2 σ upper limits)
derived from the likelihood analysis. The more conserva-
tive exclusion limit is determined from fixing the neutron
component in the likelihood extraction to 0. In this case,
there are more extracted WIMP events to compensate for
the events that would be normally classified as neutrons,
therefore resulting in worse sensitivity. The lower exclu-
sion curve in figure 11 is the result of allowing the neutron
component in the likelihood extraction to be completely
free. This produces better sensitivity limits, especially
at low masses, since it allows for more neutron events,
and thus less WIMP events, if favored by the likelihood
minimization.
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ground energy distribution (red solid) and where the shape
of the surface background energy distribution was allowed to
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C.L. and 90% contours from the CDMS silicon result [5]. Also
shown are the exclusion limits for various assumptions about
the neutron component (see text).
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TABLE I. Predicted background rates in the fiducial volume
(0.9–5.3 keVee) [31]. We show contributions from the �-
rays of detector components (including those cosmogenically
activated), the time-weighted contribution of activated
xenon, 222Rn (best estimate 0.2 mDRUee from 222Rn chain
measurements) and 85Kr. The errors shown are both
from simulation statistics and those derived from the rate
measurements of time-dependent backgrounds. 1 mDRUee is
10�3 events/keVee/kg/day.

Source Background rate, mDRUee

�-rays 1.8± 0.2stat ± 0.3sys
127Xe 0.5± 0.02stat ± 0.1sys
214Pb 0.11–0.22 (90% C. L.)
85Kr 0.13± 0.07sys

Total predicted 2.6± 0.2stat ± 0.4sys
Total observed 3.6± 0.3stat

distribution [31], and the expectations based on the
screening results and the independent assay of the
natural Kr concentration of 3.5 ± 1 ppt (g/g) in the
xenon gas [36] where we assume an isotopic abundance
of 85Kr/natKr ⇠ 2 ⇥ 10�11 [31, 34]. Isotopes created
through cosmogenic production were also considered,
including measured levels of 60Co in Cu components.
In situ measurements determined additional intrinsic
background levels in xenon from 214Pb (from the 222Rn
decay chain) [32], and cosmogenically-produced 127Xe
(T

1/2 = 36.4 days), 129mXe (T
1/2 = 8.9 days), and

131mXe (T
1/2 = 11.9 days). The rate from 127Xe in the

WIMP search energy window is estimated to decay from
0.87 mDRU

ee

at the start of the WIMP search dataset
to 0.28 mDRU

ee

at the end, with late-time background
measurements being consistent with those originating
primarily from the long-lived radioisotopes.

The neutron background in LUX is predicted from
detailed detector BG simulations to produce 0.06 single
scatters with S1 between 2 and 30 phe in the 85.3 live-
day dataset. This was considered too low to include in
the PLR. The value was constrained by multiple-scatter
analysis in the data, with a conservative 90% upper C.L.
placed on the number of expected neutron single scatters
of 0.37 events.

We observed 160 events between 2 and 30 phe (S1)
within the fiducial volume in 85.3 live-days of search
data (shown in Fig. 4), with all observed events being
consistent with the predicted background of electron
recoils. The average discrimination (with 50% NR
acceptance) for S1 from 2-30 phe is 99.6 ± 0.1%, hence
0.64 ± 0.16 events from ER leakage are expected below
the NR mean, for the search dataset. The spatial
distribution of the events matches that expected from the
ER backgrounds in full detector simulations. We select
the upper bound of 30 phe (S1) for the signal estimation
analysis to avoid additional background from the 5 keV

ee

x-ray from 127Xe.
Confidence intervals on the spin-independent WIMP-

nucleon cross section are set using a profile likelihood
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FIG. 4. The LUX WIMP signal region. Events in the
118 kg fiducial volume during the 85.3 live-day exposure are
shown. Lines as shown in Fig. 3, with vertical dashed cyan
lines showing the 2-30 phe range used for the signal estimation
analysis.

ratio (PLR) test statistic [37], exploiting the separation
of signal and background distributions in four physical
quantities: radius, depth, light (S1), and charge (S2).
The fit is made over the parameter of interest plus
three Gaussian-constrained nuisance parameters which
encode uncertainty in the rates of 127Xe, �-rays from
internal components and the combination of 214Pb and
85Kr. The distributions, in the observed quantities, of
the four model components are as described above and
do not vary in the fit: with the non-uniform spatial
distributions of �-ray backgrounds and x-ray lines from
127Xe obtained from energy-deposition simulations [31].
The PLR operates within the fiducial region but the
spatial background models were validated using data
from outside the fiducial volume.

The energy spectrum of WIMP-nucleus recoils is
modeled using a standard isothermal Maxwellian velocity
distribution [38], with v

0

= 220 km/s; v
esc

= 544 km/s;
⇢

0

= 0.3 GeV/cm3; average Earth velocity of 245 km s�1,
and Helm form factor [39, 40]. We conservatively
model no signal below 3.0 keV

nr

(the lowest energy for
which a direct light yield measurement exists [30, 41],
whereas indirect evidence of charge yield exists down
to 1 keV

nr

[42]). We do not profile the uncertainties
in NR yield, assuming a model which provides excellent
agreement with LUX data (Fig. 1 and Fig. 6), in addition
to being conservative compared to past works [23]. We
also do not account for uncertainties in astrophysical
parameters, which are beyond the scope of this work (but
are discussed in [43]). Signal models in S1 and S2 are
obtained for each WIMP mass from full simulations.

The observed PLR for zero signal is entirely consistent
with its simulated distribution, giving a p-value for the
background-only hypothesis of 0.35. The 90% C. L.
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FIG. 5. The LUX 90% confidence limit on the spin-
independent elastic WIMP-nucleon cross section (blue),
together with the ±1� variation from repeated trials, where
trials fluctuating below the expected number of events for
zero BG are forced to 2.3 (blue shaded). We also show
Edelweiss II [44] (dark yellow line), CDMS II [45] (green
line), ZEPLIN-III [46] (magenta line), CDMSlite [47] (dark
green line), XENON10 S2-only [20] (brown line), SIMPLE [48]
(light blue line) and XENON100 100 live-day [49] (orange
line), and 225 live-day [50] (red line) results. The inset
(same axis units) also shows the regions measured from annual
modulation in CoGeNT [51] (light red, shaded), along with
exclusion limits from low threshold re-analysis of CDMS II
data [52] (upper green line), 95% allowed region from
CDMS II silicon detectors [53] (green shaded) and centroid
(green x), 90% allowed region from CRESST II [54] (yellow
shaded) and DAMA/LIBRA allowed region [55] interpreted
by [56] (grey shaded). Results sourced from DMTools [57].

upper limit on the number of expected signal events
ranges, over WIMP masses, from 2.4 to 5.3. A variation
of one standard deviation in detection e�ciency shifts
the limit by an average of only 5%. The systematic
uncertainty in the position of the NR band was estimated
by averaging the di↵erence between the centroids of
simulated and observed AmBe data in log(S2b/S1). This
yielded an uncertainty of 0.044 in the centroid, which
propagates to a maximum uncertainty of 25% in the high
mass limit.

The 90% upper C. L. cross sections for spin-
independent WIMP models are thus shown in Fig. 5
with a minimum cross section of 7.6⇥10�46 cm2 for a
WIMP mass of 33 GeV/c2. This represents a significant
improvement over the sensitivities of earlier searches [45,
46, 50, 51]. The low energy threshold of LUX permits
direct testing of low mass WIMP hypotheses where
there are potential hints of signal [45, 51, 54, 55].
These results do not support such hypotheses based
on spin-independent isospin-invariant WIMP-nucleon
couplings and conventional astrophysical assumptions

for the WIMP halo, even when using a conservative
interpretation of the existing low-energy nuclear recoil
calibration data for xenon detectors.

LUX will continue operations at SURF during 2014
and 2015. Further engineering and calibration studies
will establish the optimal parameters for detector
operations, with potential improvements in applied
electric fields, increased calibration statistics, decaying
backgrounds and an instrumented water tank veto
further enhancing the sensitivity of the experiment.
Subsequently, we will complete the ultimate goal of
conducting a blinded 300 live-day WIMP search further
improving sensitivity to explore significant new regions
of WIMP parameter space.
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a WIMP-nucleon scattering interpretation of the excess
reported by CoGeNT, which also uses a germanium tar-
get. Similar tension exists with WIMP interpretations
of several other experiments, including CDMS II (Si),
assuming spin-independent interactions and a standard
halo model. New regions of WIMP-nucleon scattering
for WIMP masses below 6 GeV/c2 are excluded.
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dation, by the United States Department of Energy, by
NSERC Canada, and by MultiDark (Spanish MINECO).
Fermilab is operated by the Fermi Research Alliance,
LLC under Contract No. De-AC02-07CH11359. SLAC is
operated under Contract No. DE-AC02-76SF00515 with
the United States Department of Energy.

FIG. 4. The 90% confidence upper limit (solid black) based on
all observed events is shown with 95% C.L. systematic uncer-
tainty band (gray). The pre-unblinding expected sensitivity
in the absence of a signal is shown as 68% (dark green) and
95% (light green) C.L. bands. The disagreement between the
limit and sensitivity at high WIMP mass is due to the events
in T5Z3. Closed contours shown are CDMS II Si [3] (dotted
blue, 90% C.L.), CoGeNT [4] (yellow, 90% C.L.), CRESST-II
[5] (dashed pink, 95% C.L.), and DAMA/LIBRA [34] (dash-
dotted tan, 90% C.L.). 90% C.L. exclusion limits shown are
CDMS II Ge [22] (dotted dark red), CDMS II Ge low-threshold
[17] (dashed-dotted red), CDMSlite [20] (solid dark red), LUX
[35] (solid green), XENON10 S2-only [19, 36] (dashed dark
green), and EDELWEISS low-threshold [18] (dashed orange).
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This 
result 

DAMA/LIBRA 

CoGeNT 

Expected sensitivity 
(prior to unblinding) 

90% C.L. optimal interval upper limit, no background subtraction, treating all 
observed (eleven) events as WIMP candidates 

•  CoGeNT strongly 
disfavored in model-
independent scenario 

•  CDMS II (Si) disfavored 
under assumption of 
standard halo model and 
A2 coupling  

•  Explores new parameter 
space below 6 GeV/c2 

•  Competitive constraint for 
Ge up to 20 GeV/c2; 
dedicated HT analysis yet 
to come 

•  Disagreement between 
limit and sensitivity at high 
WIMP mass due to events 
on T5Z3. Gray bands: propagated systematic 

unc. from fiducial volume + nuclear 
recoil energy scale + trigger efficiency 

Fermilab W&C, March 2014 
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Disfavors CoGeNT and CDMS Si.

Strong Limits for m<6GeV.

Weaker limits than expected for 

m>20 GeV (but already excluded by earlier CDMS Ge results)
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FIG. 2. The efficiency-corrected WIMP-search energy spec-
trum is shown in keVnr, and compared with expected rates for
WIMPs with the most likely masses and cross sections sug-
gested by the analysis of CoGeNT [8] and CDMS II Si [10]
data (dashed curves). Note that the k = 0.157 Lindhard yield
model was used to convert from an electron-equivalent to a
nuclear-recoil-equivalent energy scale. The 170 eVee ioniza-
tion threshold translates to 841 eVnr (amber dot-dashed line).
The 1.3 keVee activation line appears at ∼ 5.3 keVnr.

mass A:

Y (Enr(keV)) = k
g(ε)

1 + kg(ε)
, (4)

with g(ε) = 3ε0.15 + 0.7ε0.6 + ε, ε = 11.5Enr(keV)Z−7/3

and k = 0.133Z2/3A−1/2. This gives k = 0.157 for a
germanium target. The constant k is sometimes ad-
justed by experimenters to fit measurements. Though
other yield models, including simple power-law fits to
data, have been used elsewhere [8, 37], we have carried
out our conversion to nuclear-recoil equivalent using the
standard Lindhard model, as recommended by Barker
and Mei [22]. Under this assumption, the threshold is
841 eVnr, with less than a 1.5% change from the ∼ 8%
gain drift. The resulting spectrum is shown in Fig. 2 with
examples of expected rates from two WIMP models.
The region of interest used for limiting possible signal
events from light WIMP scatters is between the 170 eVee

analysis threshold and 7 keVee. A 90% C.L. upper limit
on the spin-independent WIMP-nucleon cross section as
a function of WIMP mass is calculated using the “opti-
mum interval” method [38], using standard assumptions
of a WIMP mass density of 0.3 GeV/c2/cm3, a most
probable WIMP velocity with respect to the galaxy of
220 km/s, a mean circular velocity of the Earth with re-
spect to the galactic center of 232 km/s, a galactic escape
velocity of 544 km/s, and the Helm form factor [3].

CDMSlite (This result)σ
SI

 [c
m

2 ]

m
χ
 [GeV/c2]

3 4 5 6 8 10 12 18
10−41

10−40

FIG. 3. The 90% upper confidence limit from the data pre-
sented here are shown with exclusion limits from other ex-
periments. These are grouped as Ge bolometers in blue:
CDMS II Ge regular (dot-dash) [39], CDMS II Ge low thresh-
old (solid) [40], EDELWEISS II low threshold (dash) [37];
point-contact Ge detectors in purple: TEXONO (dash) [41],
CDEX (dot-dash) [42]; liquid Xenon in red: XENON100 (dot-
dash) [44], XENON10 S2 only (dash) [45], LUX (solid) [43];
and other technologies in magenta: Low threshold reanaly-
sis of CRESST II data (dot-dash) [46], PICASSO (dash) [47].
The contours are from CDMS II Si (light and dark gray corre-
spond to 68% and 90% CL regions respectively) [10], CRESST
II (blue) [9], DAMA (orange) [6, 7], CoGeNT (pink) [8].

As shown in Fig. 3, this analysis limits new WIMP
parameter space for WIMP masses < 6 GeV/c2 and rules
out portions of both the CDMS II Si [10] and CoGeNT [8]
contours. The CDMS II Si results had 3WIMP candidate
events in ∼140 kg-days, with an expected background of
∼ 0.5 events. CoGeNT had an exposure of ∼ 269 kg-days
and performed a background subtraction for their results.
These CDMSlite limits were obtained with a small net
exposure of ∼ 6 kg-days, minimal efficiency corrections,
and no background subtraction.

It is important to understand the systematic effect on
our results due to possible inaccuracy in the assumed
Lindhard ionization-yield model. The choice of a differ-
ent yield model systematically changes the nuclear-recoil
energy scale, and therefore the interpretation of the data
as a limit on the WIMP-nucleon scattering cross section.
Figure 4 shows the limits recomputed for four different
yield models that bracket the measured data for germa-
nium [22]. A low-ionization Lindhard-like model with
k = 0.1 and a high-yield model with k = 0.2 are shown,
along with the functional form used by the CoGeNT col-
laboration [8], to demonstrate the effect of this system-
atic. The effect of the different yield models is mostly a
shift of the limit curve along the WIMP-mass axis. Thus,
for masses above 6 GeV/c2, where the curve is relatively

Best Current limit bellow 4 GeV (surpassed by SuperCDMS results 

at the >4 GeV)
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Figure 9. Spin-dependent WIMP-neutron (left) and WIMP-proton (right) cross section limits versus
WIMP mass for direct detection experiments[27, 28, 33, 38, 39, 40, 41], compared with the model-dependent
Ice Cube results (model-dependent) as of summer 2013 [42].

and it is important to have multiple experiments with di↵erent targets both in order to cover the parameter
space for discovery, as well as to study the interaction type when signals are found.

Nuclear recoils from WIMP scattering result in a featureless energy spectrum, rising exponentially as the
energy decreases. Fig. 9 shows the expected interaction rates for some of the typical targets used, and several
di↵erent WIMP masses, as a function of threshold energy. Experiments typically do not directly measure
the nuclear recoil energy. Instead the energy deposited by a particle interaction must be reconstructed from
the experimental measurements as either nuclear-recoil keVr or electron-recoil keVe. Conversion between
the two energies is dependent on the target and experimental technique, and must be calibrated by each
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Figure 16. Photograph of bubbles from a muon (left), neutron multiple scatter (center) and neutron single
scatter (right) in a COUPP bubble chamber.

5.5 Scintillating Crystal Detectors

Scintillating inorganic crystals, such as NaI and CsI, are the basis of one important class of dark matter
experiments. These crystals are high e�ciency scintillators producing many optical photons even for
quenched WIMP-induced nuclear recoils. They benefit from an attractive combination of low target costs and
existing well-understood technologies for light collection and detection over wide areas. Scintillation pulse
shape discrimination provides modest levels of EM background discrimination (90–99%) in the currently
deployed NaI(Tl) and CsI(Tl) experiments. Additional background rejection power comes from detection
of coincidences between elements of multi-crystal arrays and from the exploitation of the predicted annual
modulation properties of the WIMP signal. The main experimental challenges for these types of detectors
are obtaining a low overall background rate and, more importantly, maintaining detector stability over a
period of years.

The DAMA/LIBRA [31] collaboration began a search for dark matter with an array of NaI crystals in 1995
and has been operating the current DAMA/LIBRA setup of 250 kg of NaI since 2003. They have observed an
annual modulation in their data at greater than 9� significance, with a phase consistent with that expected
from galactic dark matter interactions. If the signal is interpreted as evidence of spin independent (or spin
dependent) scattering of WIMP dark matter, it is in strong tension with results from many other searches.
The collaboration maintains that this signal represents a model-independent observation of dark matter
interactions. To date, no successful experimental or theoretical explanation for the annual modulation signal
has achieved consensus in the community.

Several other collaborations are now attempting to test the DAMA/LIBRA signal using crystal detectors.
The main challenge facing these experiments is to reproduce, or improve on, the ultra-low background levels
achieved in the DAMA/LIBRA NaI. The ANAiS collaboration aims to build a 250 kg ultrapure NaI (T1)
array at the Canfranc Underground Laboratory [62]. The KIMS experiment [41] is currently operating
100 kg of CsI, with future plans to deploy two detectors, a lower-background array of NaI (KIMS-NaI) and
cryogenic CaMoO4 bolometers (AMORE-DARK). The CINDMS collaboration plans to deploy 100 kg of
CsI(Na). They expect to achieve a factor of 109 reduction for �/� background reduction by exploiting the
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Currently 60 kg of
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against ↵’s, which can deposit su�cient energy density to produce bubbles, has been established through the
use of acoustic signals. Threshold experiments are continuing to refine target material choices with regard to
the chemical stability and compatibility of the target fluids. This technology is still under development for
scaling single modules up to moderate target mass (100-1000 kg). One of the drawbacks of this technology
is the lack of an energy measurement on a per event basis. These detectors must instead perform threshold
scans by varying the operational temperature and pressure, in order to produce an energy spectrum. This
arguably makes the investigation of unexpected backgrounds a more lengthy process.

Two collaborations, PICASSO and SIMPLE, utilize superheated droplet detectors [40, 27]. SIMPLE operates
at LSBB in Southern France with 0.2 kg active volume of superheated C2ClF5 (freon) droplets in a gel
matrix.n SIMPLE has achieved a threshold of 8 keVr, and published a spin-dependent limit at a WIMP mass
of 35 GeV of 5.3⇥10�39 cm2 and a spin-independent limit of 4.8⇥10�42 cm2. The dominant backgrounds are
alphas from environmental radon, followed by neutrons created via U and Th initiated (↵,n) reactions in
the detector materials. SIMPLE is planning to operate a second experiment soon, which will replace their
superheated droplet detectors with a more conventional bubble chamber. They will have a target volume of
1-2 kg and will use C3F8 CF3Br, in addition to C2ClF5.

PICASSO has 32 detector modules, which represent 2.7 kg of the target material C4F10, operating at
SNOLAB. PICASSO pioneered the use of acoustic sensors to reject ↵’s. This technique has subsequently
been adopted by other threshold experiments. The acoustic discrimination has enabled them to achieve good
sensitivity to spin-dependent WIMPs. The collaboration reports that the most recent runs of PICASSO are
becoming limited by ↵’s in the gel, where the acoustic discrimination does not work as e↵ectively. The
collaboration believes that scaling up from the present configuration requires moving to the bubble chamber
technology. They are actively developing a prototype chamber that is self-regulating (requires no external
pressurization).

In contrast to the droplet detectors, the COUPP experiment [61] uconsists of a monolithic body of super-
heated fluid contained within a single pressure-controlled vessel (a bubble chamber). Bubbles are recorded
by cameras, triggered by a change in the appearance of the chamber. Like the droplet detectors, COUPP also
records the acoustic signal of the nucleated bubbles and has successfully utilized this information to reject
alphas to better than 99.3%. Because of the images, COUPP also has excellent position reconstruction, and
can easily identify multiple scattering events characteristic of neutrons (see Fig. 16). To date, published
WIMP searches have been performed with a single chamber filled with up to 4 kg of CF3I. In these searches,
COUPP has been most competitive in spin-dependent searches, like its droplet detector counterparts. The
most recent results were limited by neutron backgrounds, thus the collaboration is focusing on improving
the radiopurity of the experimental setup. Currently they are also commissioning a 60 kg chamber, which is
filled with CF3I and is installed at SNOLAB.

The COUPP and PICASSO groups have agreed to merge their e↵orts towards a single ton-scale experiment,
known as PICO. They are now working jointly on construction and operation of a 4 kg bubble chamber, which
will be filled with the target material C3F8. This chamber will combine the bubble-chamber operational
experiences of the COUPP experiment and fluid handling expertise from PICASSO. The designated fluid
possesses better spin-dependent sensitivity than CF3I, due to the high concentration of fluorine. The
collaborations have demonstrated thresholds down to a few keV with C3F8. Thus, this joint e↵ort is
expected to have significant sensitivity to WIMPs over a broad mass range for both spin-dependent and
spin-independent scattering.
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against ↵’s, which can deposit su�cient energy density to produce bubbles, has been established through the
use of acoustic signals. Threshold experiments are continuing to refine target material choices with regard to
the chemical stability and compatibility of the target fluids. This technology is still under development for
scaling single modules up to moderate target mass (100-1000 kg). One of the drawbacks of this technology
is the lack of an energy measurement on a per event basis. These detectors must instead perform threshold
scans by varying the operational temperature and pressure, in order to produce an energy spectrum. This
arguably makes the investigation of unexpected backgrounds a more lengthy process.

Two collaborations, PICASSO and SIMPLE, utilize superheated droplet detectors [40, 27]. SIMPLE operates
at LSBB in Southern France with 0.2 kg active volume of superheated C2ClF5 (freon) droplets in a gel
matrix.n SIMPLE has achieved a threshold of 8 keVr, and published a spin-dependent limit at a WIMP mass
of 35 GeV of 5.3⇥10�39 cm2 and a spin-independent limit of 4.8⇥10�42 cm2. The dominant backgrounds are
alphas from environmental radon, followed by neutrons created via U and Th initiated (↵,n) reactions in
the detector materials. SIMPLE is planning to operate a second experiment soon, which will replace their
superheated droplet detectors with a more conventional bubble chamber. They will have a target volume of
1-2 kg and will use C3F8 CF3Br, in addition to C2ClF5.

PICASSO has 32 detector modules, which represent 2.7 kg of the target material C4F10, operating at
SNOLAB. PICASSO pioneered the use of acoustic sensors to reject ↵’s. This technique has subsequently
been adopted by other threshold experiments. The acoustic discrimination has enabled them to achieve good
sensitivity to spin-dependent WIMPs. The collaboration reports that the most recent runs of PICASSO are
becoming limited by ↵’s in the gel, where the acoustic discrimination does not work as e↵ectively. The
collaboration believes that scaling up from the present configuration requires moving to the bubble chamber
technology. They are actively developing a prototype chamber that is self-regulating (requires no external
pressurization).

In contrast to the droplet detectors, the COUPP experiment [61] uconsists of a monolithic body of super-
heated fluid contained within a single pressure-controlled vessel (a bubble chamber). Bubbles are recorded
by cameras, triggered by a change in the appearance of the chamber. Like the droplet detectors, COUPP also
records the acoustic signal of the nucleated bubbles and has successfully utilized this information to reject
alphas to better than 99.3%. Because of the images, COUPP also has excellent position reconstruction, and
can easily identify multiple scattering events characteristic of neutrons (see Fig. 16). To date, published
WIMP searches have been performed with a single chamber filled with up to 4 kg of CF3I. In these searches,
COUPP has been most competitive in spin-dependent searches, like its droplet detector counterparts. The
most recent results were limited by neutron backgrounds, thus the collaboration is focusing on improving
the radiopurity of the experimental setup. Currently they are also commissioning a 60 kg chamber, which is
filled with CF3I and is installed at SNOLAB.

The COUPP and PICASSO groups have agreed to merge their e↵orts towards a single ton-scale experiment,
known as PICO. They are now working jointly on construction and operation of a 4 kg bubble chamber, which
will be filled with the target material C3F8. This chamber will combine the bubble-chamber operational
experiences of the COUPP experiment and fluid handling expertise from PICASSO. The designated fluid
possesses better spin-dependent sensitivity than CF3I, due to the high concentration of fluorine. The
collaborations have demonstrated thresholds down to a few keV with C3F8. Thus, this joint e↵ort is
expected to have significant sensitivity to WIMPs over a broad mass range for both spin-dependent and
spin-independent scattering.
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1. Argon TPC
• ~ 50 kg of liquid argon in 

PTFE reflective cylinder
• 19 PMTs at top and bottom
• Drift and extraction fields 

created by ITO-coated fused 
silica plates at top and 
bottom, copper field cage 
around lateral walls.

• Background rejection 
through pulse shape 
discrimination, ionization-
scintillation ratio and 3D 
position reconstruction

DarkSide Program
Direct-detection search for WIMP dark matter using a two-phase argon time projection chamber (TPC)
The key feature of the DarkSide program is the use of several novel techniques to actively detect and 

suppress the radioactive backgrounds that dominate dark matter searches
Will use underground argon, shown to have < 1/150th of the activity of atmospheric argon1

Future
• Deploy calibration sources to further characterize detector
• Switch to low-39Ar underground argon
• Begin dark matter search

Commissioning and Early Performance
• TPC filled with atmospheric argon at the end of Sept. 2013
• All three detectors commissioned by Oct. 2013
• Extremely high TPC light yield of ~ 8 PE/keVee at null field
• TPC HHV running stably at 200 V/cm drift, 2.8 kV/cm extraction
• High purity of liquid argon achieved through continuous 

recirculation (> 5 ms electron drift lifetime)
• Adequate neutron veto light yield of ~ 0.5 PE/keVee
• Able to identify coincident gammas and muons between 

neutron veto and TPC 

Pulse Shape Discrimination
• Electrons and nuclear recoils create 

different excitation densities in argon 
leading to different ratios of singlet and 
triplet excited states

• Large difference in singlet (7 ns) and triplet 
(1.6 μs) lifetimes leads to very different 
scintillation time profiles

• F90 is the fraction of light in the first 90 ns

DarkSide-50
• First WIMP-sensitive detector of the DarkSide family
• Located underground in the Gran Sasso National Laboratory, Italy
• Consists of three nested detectors 

3. Muon Veto
• Neutron veto sits inside 

instrumented water tank
• Active rejection of 

cosmogenic-induced 
backgrounds

• Passive gamma shield for 
neutron veto

2. Neutron Veto
• TPC surrounded by 4m ∅ 

organic scintillator detector
• 1:1 scintillator mixture of 

pseudocumene (PC) and 
trimethyl borate (TMB)

• Large capture cross-section 
of neutrons on boron 

• Neutron capture produces 
alpha particle, detectable 
with high efficiency2

• Provides in-situ 
measurement and veto 
capability for neutron 
background

[us]

S1
Scintillation

Signal

S2
Ionization

Signal

39Ar Spectrum
~ 46 Hz

~ 8.0 PE/keVee

39Ar exposure
• Collected 6.3 days of data during initial phase with 

atmospheric argon
• Equivalent to 2.6 yrs of 39Ar exposure with 

underground argon
• Data is background-free above ~ 35 keVr with greater 

than 50% nuclear recoil acceptance
• Demonstrates ability to suppress the dominant 39Ar 

background expected during DS-50 dark matter search 

Nuclear Recoil
F90 ~ 0.7

Electron Recoil
F90 ~ 0.3
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• Extremely high TPC light yield of ~ 8 PE/keVee at null field
• TPC HHV running stably at 200 V/cm drift, 2.8 kV/cm extraction
• High purity of liquid argon achieved through continuous 

recirculation (> 5 ms electron drift lifetime)
• Adequate neutron veto light yield of ~ 0.5 PE/keVee
• Able to identify coincident gammas and muons between 

neutron veto and TPC 

Pulse Shape Discrimination
• Electrons and nuclear recoils create 

different excitation densities in argon 
leading to different ratios of singlet and 
triplet excited states

• Large difference in singlet (7 ns) and triplet 
(1.6 μs) lifetimes leads to very different 
scintillation time profiles

• F90 is the fraction of light in the first 90 ns

DarkSide-50
• First WIMP-sensitive detector of the DarkSide family
• Located underground in the Gran Sasso National Laboratory, Italy
• Consists of three nested detectors 

3. Muon Veto
• Neutron veto sits inside 

instrumented water tank
• Active rejection of 

cosmogenic-induced 
backgrounds

• Passive gamma shield for 
neutron veto

2. Neutron Veto
• TPC surrounded by 4m ∅ 

organic scintillator detector
• 1:1 scintillator mixture of 

pseudocumene (PC) and 
trimethyl borate (TMB)

• Large capture cross-section 
of neutrons on boron 

• Neutron capture produces 
alpha particle, detectable 
with high efficiency2

• Provides in-situ 
measurement and veto 
capability for neutron 
background
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39Ar Spectrum
~ 46 Hz

~ 8.0 PE/keVee

39Ar exposure
• Collected 6.3 days of data during initial phase with 

atmospheric argon
• Equivalent to 2.6 yrs of 39Ar exposure with 

underground argon
• Data is background-free above ~ 35 keVr with greater 

than 50% nuclear recoil acceptance
• Demonstrates ability to suppress the dominant 39Ar 

background expected during DS-50 dark matter search 

Nuclear Recoil
F90 ~ 0.7

Electron Recoil
F90 ~ 0.3

References
1. J.Xu et. al, arXiv:1204.6011
2. A. Wright et. al, NIM A 644, 18 (2011)
3. SCENE collaboration (in prep)

S1 [PE]
60 80 100 120 140 160 180 200

F9
0

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0

100

200

300

400

500

600

70070 PE ~ 35 keVr 

Nuclear Recoil Median3

March 2014

1
2

3

DARKSIDE

DarkSide-50
Two-Phase Argon Dark Matter Detector

R. Saldanha1, A. Chavarria1, L. Grandi1, H. Back2, B. Baldin2, K. Biery2, Y. Guardincerri2, K. Herner2, C. Kendziora2, D. Montanari2, S. Pordes2, J. Yoo2

on behalf of the DarkSide Collaboration 
1Kavli Institute of Cosmological Physics, Enrico Fermi Institute, University of Chicago, Chicago, IL

2Fermi National Accelerator Laboratory, Batavia, IL

The National Science Foundation 

S1 [p.e.]
1000 2000 3000 4000 5000

C
o
u
n
t
s
/
1
0
 
p
.
e
.
/
s
e
c

-410

-310

-210

-110

1. Argon TPC
• ~ 50 kg of liquid argon in 

PTFE reflective cylinder
• 19 PMTs at top and bottom
• Drift and extraction fields 

created by ITO-coated fused 
silica plates at top and 
bottom, copper field cage 
around lateral walls.

• Background rejection 
through pulse shape 
discrimination, ionization-
scintillation ratio and 3D 
position reconstruction

DarkSide Program
Direct-detection search for WIMP dark matter using a two-phase argon time projection chamber (TPC)
The key feature of the DarkSide program is the use of several novel techniques to actively detect and 

suppress the radioactive backgrounds that dominate dark matter searches
Will use underground argon, shown to have < 1/150th of the activity of atmospheric argon1

Future
• Deploy calibration sources to further characterize detector
• Switch to low-39Ar underground argon
• Begin dark matter search

Commissioning and Early Performance
• TPC filled with atmospheric argon at the end of Sept. 2013
• All three detectors commissioned by Oct. 2013
• Extremely high TPC light yield of ~ 8 PE/keVee at null field
• TPC HHV running stably at 200 V/cm drift, 2.8 kV/cm extraction
• High purity of liquid argon achieved through continuous 

recirculation (> 5 ms electron drift lifetime)
• Adequate neutron veto light yield of ~ 0.5 PE/keVee
• Able to identify coincident gammas and muons between 

neutron veto and TPC 

Pulse Shape Discrimination
• Electrons and nuclear recoils create 

different excitation densities in argon 
leading to different ratios of singlet and 
triplet excited states

• Large difference in singlet (7 ns) and triplet 
(1.6 μs) lifetimes leads to very different 
scintillation time profiles

• F90 is the fraction of light in the first 90 ns

DarkSide-50
• First WIMP-sensitive detector of the DarkSide family
• Located underground in the Gran Sasso National Laboratory, Italy
• Consists of three nested detectors 

3. Muon Veto
• Neutron veto sits inside 

instrumented water tank
• Active rejection of 

cosmogenic-induced 
backgrounds

• Passive gamma shield for 
neutron veto

2. Neutron Veto
• TPC surrounded by 4m ∅ 

organic scintillator detector
• 1:1 scintillator mixture of 

pseudocumene (PC) and 
trimethyl borate (TMB)

• Large capture cross-section 
of neutrons on boron 

• Neutron capture produces 
alpha particle, detectable 
with high efficiency2

• Provides in-situ 
measurement and veto 
capability for neutron 
background
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39Ar exposure
• Collected 6.3 days of data during initial phase with 

atmospheric argon
• Equivalent to 2.6 yrs of 39Ar exposure with 

underground argon
• Data is background-free above ~ 35 keVr with greater 

than 50% nuclear recoil acceptance
• Demonstrates ability to suppress the dominant 39Ar 

background expected during DS-50 dark matter search 

Nuclear Recoil
F90 ~ 0.7

Electron Recoil
F90 ~ 0.3
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1. Argon TPC
• ~ 50 kg of liquid argon in 

PTFE reflective cylinder
• 19 PMTs at top and bottom
• Drift and extraction fields 

created by ITO-coated fused 
silica plates at top and 
bottom, copper field cage 
around lateral walls.

• Background rejection 
through pulse shape 
discrimination, ionization-
scintillation ratio and 3D 
position reconstruction

DarkSide Program
Direct-detection search for WIMP dark matter using a two-phase argon time projection chamber (TPC)
The key feature of the DarkSide program is the use of several novel techniques to actively detect and 

suppress the radioactive backgrounds that dominate dark matter searches
Will use underground argon, shown to have < 1/150th of the activity of atmospheric argon1

Future
• Deploy calibration sources to further characterize detector
• Switch to low-39Ar underground argon
• Begin dark matter search

Commissioning and Early Performance
• TPC filled with atmospheric argon at the end of Sept. 2013
• All three detectors commissioned by Oct. 2013
• Extremely high TPC light yield of ~ 8 PE/keVee at null field
• TPC HHV running stably at 200 V/cm drift, 2.8 kV/cm extraction
• High purity of liquid argon achieved through continuous 

recirculation (> 5 ms electron drift lifetime)
• Adequate neutron veto light yield of ~ 0.5 PE/keVee
• Able to identify coincident gammas and muons between 

neutron veto and TPC 

Pulse Shape Discrimination
• Electrons and nuclear recoils create 

different excitation densities in argon 
leading to different ratios of singlet and 
triplet excited states

• Large difference in singlet (7 ns) and triplet 
(1.6 μs) lifetimes leads to very different 
scintillation time profiles

• F90 is the fraction of light in the first 90 ns

DarkSide-50
• First WIMP-sensitive detector of the DarkSide family
• Located underground in the Gran Sasso National Laboratory, Italy
• Consists of three nested detectors 

3. Muon Veto
• Neutron veto sits inside 

instrumented water tank
• Active rejection of 

cosmogenic-induced 
backgrounds

• Passive gamma shield for 
neutron veto

2. Neutron Veto
• TPC surrounded by 4m ∅ 

organic scintillator detector
• 1:1 scintillator mixture of 

pseudocumene (PC) and 
trimethyl borate (TMB)

• Large capture cross-section 
of neutrons on boron 

• Neutron capture produces 
alpha particle, detectable 
with high efficiency2

• Provides in-situ 
measurement and veto 
capability for neutron 
background
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~ 46 Hz

~ 8.0 PE/keVee

39Ar exposure
• Collected 6.3 days of data during initial phase with 

atmospheric argon
• Equivalent to 2.6 yrs of 39Ar exposure with 

underground argon
• Data is background-free above ~ 35 keVr with greater 

than 50% nuclear recoil acceptance
• Demonstrates ability to suppress the dominant 39Ar 

background expected during DS-50 dark matter search 

Nuclear Recoil
F90 ~ 0.7

Electron Recoil
F90 ~ 0.3
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1. Argon TPC
• ~ 50 kg of liquid argon in 

PTFE reflective cylinder
• 19 PMTs at top and bottom
• Drift and extraction fields 

created by ITO-coated fused 
silica plates at top and 
bottom, copper field cage 
around lateral walls.

• Background rejection 
through pulse shape 
discrimination, ionization-
scintillation ratio and 3D 
position reconstruction

DarkSide Program
Direct-detection search for WIMP dark matter using a two-phase argon time projection chamber (TPC)
The key feature of the DarkSide program is the use of several novel techniques to actively detect and 

suppress the radioactive backgrounds that dominate dark matter searches
Will use underground argon, shown to have < 1/150th of the activity of atmospheric argon1

Future
• Deploy calibration sources to further characterize detector
• Switch to low-39Ar underground argon
• Begin dark matter search

Commissioning and Early Performance
• TPC filled with atmospheric argon at the end of Sept. 2013
• All three detectors commissioned by Oct. 2013
• Extremely high TPC light yield of ~ 8 PE/keVee at null field
• TPC HHV running stably at 200 V/cm drift, 2.8 kV/cm extraction
• High purity of liquid argon achieved through continuous 

recirculation (> 5 ms electron drift lifetime)
• Adequate neutron veto light yield of ~ 0.5 PE/keVee
• Able to identify coincident gammas and muons between 

neutron veto and TPC 

Pulse Shape Discrimination
• Electrons and nuclear recoils create 

different excitation densities in argon 
leading to different ratios of singlet and 
triplet excited states

• Large difference in singlet (7 ns) and triplet 
(1.6 μs) lifetimes leads to very different 
scintillation time profiles

• F90 is the fraction of light in the first 90 ns

DarkSide-50
• First WIMP-sensitive detector of the DarkSide family
• Located underground in the Gran Sasso National Laboratory, Italy
• Consists of three nested detectors 

3. Muon Veto
• Neutron veto sits inside 

instrumented water tank
• Active rejection of 

cosmogenic-induced 
backgrounds

• Passive gamma shield for 
neutron veto

2. Neutron Veto
• TPC surrounded by 4m ∅ 

organic scintillator detector
• 1:1 scintillator mixture of 

pseudocumene (PC) and 
trimethyl borate (TMB)

• Large capture cross-section 
of neutrons on boron 

• Neutron capture produces 
alpha particle, detectable 
with high efficiency2

• Provides in-situ 
measurement and veto 
capability for neutron 
background

[us]

S1
Scintillation

Signal

S2
Ionization

Signal
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~ 8.0 PE/keVee

39Ar exposure
• Collected 6.3 days of data during initial phase with 

atmospheric argon
• Equivalent to 2.6 yrs of 39Ar exposure with 

underground argon
• Data is background-free above ~ 35 keVr with greater 

than 50% nuclear recoil acceptance
• Demonstrates ability to suppress the dominant 39Ar 

background expected during DS-50 dark matter search 

Nuclear Recoil
F90 ~ 0.7

Electron Recoil
F90 ~ 0.3
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Ensures large capture cross-section !
of n on B. Captured neutrons produce!
alpha particles that are easy to detect.!
Also provides in-situ measurement of !
neutron background. 
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1. Argon TPC
• ~ 50 kg of liquid argon in 

PTFE reflective cylinder
• 19 PMTs at top and bottom
• Drift and extraction fields 

created by ITO-coated fused 
silica plates at top and 
bottom, copper field cage 
around lateral walls.

• Background rejection 
through pulse shape 
discrimination, ionization-
scintillation ratio and 3D 
position reconstruction

DarkSide Program
Direct-detection search for WIMP dark matter using a two-phase argon time projection chamber (TPC)
The key feature of the DarkSide program is the use of several novel techniques to actively detect and 

suppress the radioactive backgrounds that dominate dark matter searches
Will use underground argon, shown to have < 1/150th of the activity of atmospheric argon1

Future
• Deploy calibration sources to further characterize detector
• Switch to low-39Ar underground argon
• Begin dark matter search

Commissioning and Early Performance
• TPC filled with atmospheric argon at the end of Sept. 2013
• All three detectors commissioned by Oct. 2013
• Extremely high TPC light yield of ~ 8 PE/keVee at null field
• TPC HHV running stably at 200 V/cm drift, 2.8 kV/cm extraction
• High purity of liquid argon achieved through continuous 

recirculation (> 5 ms electron drift lifetime)
• Adequate neutron veto light yield of ~ 0.5 PE/keVee
• Able to identify coincident gammas and muons between 

neutron veto and TPC 

Pulse Shape Discrimination
• Electrons and nuclear recoils create 

different excitation densities in argon 
leading to different ratios of singlet and 
triplet excited states

• Large difference in singlet (7 ns) and triplet 
(1.6 μs) lifetimes leads to very different 
scintillation time profiles

• F90 is the fraction of light in the first 90 ns

DarkSide-50
• First WIMP-sensitive detector of the DarkSide family
• Located underground in the Gran Sasso National Laboratory, Italy
• Consists of three nested detectors 

3. Muon Veto
• Neutron veto sits inside 

instrumented water tank
• Active rejection of 

cosmogenic-induced 
backgrounds

• Passive gamma shield for 
neutron veto

2. Neutron Veto
• TPC surrounded by 4m ∅ 

organic scintillator detector
• 1:1 scintillator mixture of 

pseudocumene (PC) and 
trimethyl borate (TMB)

• Large capture cross-section 
of neutrons on boron 

• Neutron capture produces 
alpha particle, detectable 
with high efficiency2

• Provides in-situ 
measurement and veto 
capability for neutron 
background
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39Ar exposure
• Collected 6.3 days of data during initial phase with 

atmospheric argon
• Equivalent to 2.6 yrs of 39Ar exposure with 

underground argon
• Data is background-free above ~ 35 keVr with greater 

than 50% nuclear recoil acceptance
• Demonstrates ability to suppress the dominant 39Ar 

background expected during DS-50 dark matter search 

Nuclear Recoil
F90 ~ 0.7

Electron Recoil
F90 ~ 0.3
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Water tank surrounding neutron veto and!
providing active rejection of cosmogenic !
induced backgrounds as well as shielding!
gamma-rays for neutron veto. Special thanks to	


Y. Guardincerri & S.Pordes



Pulse Shape Discrimination in Argon: electrons and nuclear recoils create different 
excitation densities in Ar ->different densities of singlet and triplet excited states. Those 
states have large difference in lifetimes (7ns for singlet and 1.6 mus for triplet) leading to 
very different scintillation time profiles	
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1. Argon TPC
• ~ 50 kg of liquid argon in 

PTFE reflective cylinder
• 19 PMTs at top and bottom
• Drift and extraction fields 

created by ITO-coated fused 
silica plates at top and 
bottom, copper field cage 
around lateral walls.

• Background rejection 
through pulse shape 
discrimination, ionization-
scintillation ratio and 3D 
position reconstruction

DarkSide Program
Direct-detection search for WIMP dark matter using a two-phase argon time projection chamber (TPC)
The key feature of the DarkSide program is the use of several novel techniques to actively detect and 

suppress the radioactive backgrounds that dominate dark matter searches
Will use underground argon, shown to have < 1/150th of the activity of atmospheric argon1

Future
• Deploy calibration sources to further characterize detector
• Switch to low-39Ar underground argon
• Begin dark matter search

Commissioning and Early Performance
• TPC filled with atmospheric argon at the end of Sept. 2013
• All three detectors commissioned by Oct. 2013
• Extremely high TPC light yield of ~ 8 PE/keVee at null field
• TPC HHV running stably at 200 V/cm drift, 2.8 kV/cm extraction
• High purity of liquid argon achieved through continuous 

recirculation (> 5 ms electron drift lifetime)
• Adequate neutron veto light yield of ~ 0.5 PE/keVee
• Able to identify coincident gammas and muons between 

neutron veto and TPC 

Pulse Shape Discrimination
• Electrons and nuclear recoils create 

different excitation densities in argon 
leading to different ratios of singlet and 
triplet excited states

• Large difference in singlet (7 ns) and triplet 
(1.6 μs) lifetimes leads to very different 
scintillation time profiles

• F90 is the fraction of light in the first 90 ns

DarkSide-50
• First WIMP-sensitive detector of the DarkSide family
• Located underground in the Gran Sasso National Laboratory, Italy
• Consists of three nested detectors 

3. Muon Veto
• Neutron veto sits inside 

instrumented water tank
• Active rejection of 

cosmogenic-induced 
backgrounds

• Passive gamma shield for 
neutron veto

2. Neutron Veto
• TPC surrounded by 4m ∅ 

organic scintillator detector
• 1:1 scintillator mixture of 

pseudocumene (PC) and 
trimethyl borate (TMB)

• Large capture cross-section 
of neutrons on boron 

• Neutron capture produces 
alpha particle, detectable 
with high efficiency2

• Provides in-situ 
measurement and veto 
capability for neutron 
background
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~ 8.0 PE/keVee

39Ar exposure
• Collected 6.3 days of data during initial phase with 

atmospheric argon
• Equivalent to 2.6 yrs of 39Ar exposure with 

underground argon
• Data is background-free above ~ 35 keVr with greater 

than 50% nuclear recoil acceptance
• Demonstrates ability to suppress the dominant 39Ar 

background expected during DS-50 dark matter search 

Nuclear Recoil
F90 ~ 0.7

Electron Recoil
F90 ~ 0.3
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1. Argon TPC
• ~ 50 kg of liquid argon in 

PTFE reflective cylinder
• 19 PMTs at top and bottom
• Drift and extraction fields 

created by ITO-coated fused 
silica plates at top and 
bottom, copper field cage 
around lateral walls.

• Background rejection 
through pulse shape 
discrimination, ionization-
scintillation ratio and 3D 
position reconstruction

DarkSide Program
Direct-detection search for WIMP dark matter using a two-phase argon time projection chamber (TPC)
The key feature of the DarkSide program is the use of several novel techniques to actively detect and 

suppress the radioactive backgrounds that dominate dark matter searches
Will use underground argon, shown to have < 1/150th of the activity of atmospheric argon1

Future
• Deploy calibration sources to further characterize detector
• Switch to low-39Ar underground argon
• Begin dark matter search

Commissioning and Early Performance
• TPC filled with atmospheric argon at the end of Sept. 2013
• All three detectors commissioned by Oct. 2013
• Extremely high TPC light yield of ~ 8 PE/keVee at null field
• TPC HHV running stably at 200 V/cm drift, 2.8 kV/cm extraction
• High purity of liquid argon achieved through continuous 

recirculation (> 5 ms electron drift lifetime)
• Adequate neutron veto light yield of ~ 0.5 PE/keVee
• Able to identify coincident gammas and muons between 

neutron veto and TPC 

Pulse Shape Discrimination
• Electrons and nuclear recoils create 

different excitation densities in argon 
leading to different ratios of singlet and 
triplet excited states

• Large difference in singlet (7 ns) and triplet 
(1.6 μs) lifetimes leads to very different 
scintillation time profiles

• F90 is the fraction of light in the first 90 ns

DarkSide-50
• First WIMP-sensitive detector of the DarkSide family
• Located underground in the Gran Sasso National Laboratory, Italy
• Consists of three nested detectors 

3. Muon Veto
• Neutron veto sits inside 

instrumented water tank
• Active rejection of 

cosmogenic-induced 
backgrounds

• Passive gamma shield for 
neutron veto

2. Neutron Veto
• TPC surrounded by 4m ∅ 

organic scintillator detector
• 1:1 scintillator mixture of 

pseudocumene (PC) and 
trimethyl borate (TMB)

• Large capture cross-section 
of neutrons on boron 

• Neutron capture produces 
alpha particle, detectable 
with high efficiency2

• Provides in-situ 
measurement and veto 
capability for neutron 
background
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39Ar exposure
• Collected 6.3 days of data during initial phase with 

atmospheric argon
• Equivalent to 2.6 yrs of 39Ar exposure with 

underground argon
• Data is background-free above ~ 35 keVr with greater 

than 50% nuclear recoil acceptance
• Demonstrates ability to suppress the dominant 39Ar 

background expected during DS-50 dark matter search 

Nuclear Recoil
F90 ~ 0.7

Electron Recoil
F90 ~ 0.3
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83Kr peak 
41.5 keVee

Two sequential decays producing IC 
electrons, gammas or  x-ray (154 ns). 

Half-life = 1.83 hours

Total energy 41.5 keVee

83mKr

The scintillation light yield is a critical parameter for argon detectors exploiting PSD. Photoelectron 
statistics can limit the rejection of electron recoils.

S1 [PE]

Also good Ar39 background	

rejection and good calibration 	

through Kr83

F90 is the the fraction of light in the first 90 ns. 
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Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search

Community Planning Study: Snowmass 2013
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Figure 1. History and projected evolution with time of spin-independent WIMP-nucleon cross section
limits for a 50GeV WIMP. The shapes correspond to technologies: cryogenic solid state (blue circles), crystal
detectors (purple squares), liquid argon (brown diamonds), liquid xenon (green triangles), and threshold
detectors (orange inverted triangle). Below the yellow dashed line, WIMP sensitivity is limited by coherent
neutrino-nucleus scattering.

of material screening, radiopure passive shielding and active veto detectors, has resulted in projected
background levels of ⇠1 event/ton of target mass/year. Innovations in all of these areas are continuing, and
promise to increase the rate of progress in the next two decades. Ultimately, direct detection experiments
will start to see signals from coherent scattering of solar, atmospheric and di↵use supernova neutrinos.
Although interesting in their own right, these neutrino signals will eventually require background subtraction
or directional capability in WIMP direct detection detectors to separate them from the dark matter signals.

A Roadmap for Direct Detection

Discovery

Search for WIMPS over a wide mass range (1 GeV to 100 TeV), with at least an order of magnitude
improvement in sensitivity in each generation, until we encounter the coherent neutrino scattering signal

that will arise from solar, atmospheric and supernova neutrinos

Confirmation

Check any evidence for WIMP signals using experiments with complementary technologies, and also with
an experiment using the original target material, but having better sensitivity

Study

If a signal is confirmed, study it with multiple technologies in order to extract maximal information about
WIMP properties

R&D

Maintain a robust detector R&D program on technologies that can enable discovery, confirmation and
study of WIMPs.

Community Planning Study: Snowmass 2013

Snowmass CF1 

summary: 1310.8327

Snowmass CF1 summary: 1310.8327



Indirect detection: Cosmic-rays, gamma-rays and 
multi-wavelength approach

With CR spectral measurements 
we can understand the properties 
of the ISM, and probe sources of 
high energy CRs. Antimatter CRs 
indirectly also probe DM. Combine 
with gamma-ray and radio obser-
vations. Look for a DM signal.



A great new Era for CRs:The AMS-02 
fraction is steadily increasing from 10 to !250 GeV, but, from 20 to 250 GeV, the slope decreases by

an order of magnitude. The positron fraction spectrum shows no fine structure, and the positron to

electron ratio shows no observable anisotropy. Together, these features show the existence of new

physical phenomena.

DOI: 10.1103/PhysRevLett.110.141102 PACS numbers: 96.50.sb, 14.60.Cd, 95.35.+d, 95.55.Vj

The Alpha Magnetic Spectrometer (AMS-02) is a gen-
eral purpose high-energy particle physics detector. It was
installed on the International Space Station (ISS) on
19 May 2011 to conduct a unique long duration mission
(!20 years) of fundamental physics research in space. The
first AMS results reported in this Letter are based on the
data collected during the initial 18 months of operations on
the ISS, from 19 May 2011 to 10 December 2012. This
constitutes 8% of the expected AMS data sample. The
positron fraction, that is, the ratio of the positron flux to
the combined flux of positrons and electrons, is presented
in this Letter in the energy range from 0.5 to 350 GeV. Over
the past two decades, there has been strong interest in the
cosmic ray positron fraction in both particle physics and
astrophysics [1]. The purpose of this Letter is to present the
accurate determination of this fraction as a function of
energy and direction (anisotropy).

AMS detector.—The layout of the AMS-02 detector [2]
is shown in Fig. 1. It consists of nine planes of precision
silicon tracker, a transition radiation detector (TRD), four
planes of time of flight counters (TOF), a permanent
magnet, an array of anticoincidence counters (ACC), sur-
rounding the inner tracker, a ring imaging Čerenkov de-
tector (RICH), and an electromagnetic calorimeter
(ECAL). The figure also shows a high-energy electron of
1.03 TeV recorded by AMS.

The AMS coordinate system is concentric with the
center of the magnet. The x axis is parallel to the main
component of the magnetic field, and the z axis points
vertically. The (y-z) plane is the bending plane. AMS is
mounted on the ISS with a 12" roll to port to avoid the ISS
solar panels being in the detector field of view; terms such
as ‘‘above,’’ ‘‘below,’’ and ‘‘downward-going’’ refer to the
AMS coordinate system.

The tracker accurately determines the trajectory and
absolute charge (Z) of cosmic rays by multiple measure-
ments of the coordinates and energy loss. It is composed of
192 ladders, each containing double-sided silicon sensors,
readout electronics, and mechanical support [3,4]. Three
planes of aluminum honeycomb with carbon fiber skins are
equipped with ladders on both sides of the plane. These
double planes are numbered 3–8; see Fig. 1. Another three
planes are equipped with one layer of silicon ladders. As
indicated in Fig. 1, plane 1 is located on top of the TRD,
plane 2 is above the magnet, and plane 9 is between the
RICH and the ECAL. Plane 9 covers the ECAL accep-
tance. Planes 2–8 constitute the inner tracker. Coordinate
resolution of each plane is measured to be better than

10 !m in the bending direction, and the charge resolution
is !Z ’ 0:06 at Z ¼ 1. The total lever arm of the tracker
from plane 1 to plane 9 is 3.0 m. Positions of the planes of
the inner tracker are held stable by a special carbon fiber
structure [5]. It is monitored by using 20 IR laser beams
which penetrate through all planes of the inner tracker and
provide micron-level accuracy position measurements.
The positions of planes 1 and 9 are aligned by using cosmic
ray protons such that they are stable to 3 !m (see Fig. 2).
The TRD is designed to use transition radiation to dis-

tinguish between e$ and protons, and dE=dx to indepen-
dently identify nuclei [6]. It consists of 5248 proportional
tubes of 6 mm diameter with a maximum length of 2 m
arranged side by side in 16-tube modules. The 328 modules

TRD

Tracker 

ECAL 

RICH

FIG. 1 (color). A 1.03 TeV electron event as measured by the
AMS detector on the ISS in the bending (y-z) plane. Tracker
planes 1–9 measure the particle charge and momentum. The
TRD identifies the particle as an electron. The TOF measures
the charge and ensures that the particle is downward-going. The
RICH independently measures the charge and velocity. The
ECAL measures the 3D shower profile, independently identifies
the particle as an electron, and measures its energy. An electron
is identified by (i) an electron signal in the TRD, (ii) an electron
signal in the ECAL, and (iii) the matching of the ECAL shower
energy and the momentum measured with the tracker and
magnet.
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Lunched on May 2011, will collect data for 20 yrs.

Will measure all CR nuclei species up to Ni. 
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Figure 1). The average time resolution of each counter has 
been measured to be 160 picoseconds, and the overall beta 
��	����� ������������� �������em has been measured to be 
��� ���� ���� �
�������� 
��������� ��� ��� ������
specifications. 

The Anti-Coincidence Counters (ACC) surround the 
AMS silicon tracker, just inside the inner cylinder of the 
vacuum case, to detect unwanted particles that enter or 
leave the tracker volume and induce signals close to the 
main particle track such that it could be incorrectly 
measured, for example confusing a nucleus trajectory with 
that of an anti-nucleus.  The ACC consists of sixteen 
curved scintillator panels of 1 m length, instrumented with 
wavelength shifting fibers to collect the light and guide it 
to a connector from where a clear fiber cable guides it to 
the photomultiplier sensors mounted on the conical flange 
of the vacuum case. 

2.3. Silicon Tracker and Permanent Magnet 

The tracker is composed of 192 ladders, the basic unit 
that contains the silicon sensors, readout electronics and 
mechanical support. Three planes of honeycomb with 
carbon fiber skin, equipped with silicon ladders on both 
sides, constitute the inner part of the silicon tracker. Other 
three planes equipped with only one layer of silicon 
ladders are located on top of TRD, on top of the 
Permanent Magnet and in between Ring Image Cherenkov 
detector and Electromagnetic Calorimeters as indicated in 
Figure 1. 

Each ladder has 100µm pitch silicon strips aligned with 
3µm accuracy that measure coordinates of charged 
particles two orthogonal projections. Accuracy of the 
measurement in the bending plane is 10µm. Overall there 
are close to 200000 readout channels. Signal amplitude 
provides a measurement of the particle charge independent 
of other sub-detectors as presented in Figure 2. 

 

 
Figure 2: Correlation between bending plane amplitudes 
(charge S) and non-bending plane amplitudes (charge K) 
as measured in the heavy ion beam of 158 GeV/n. 
 

 Permanent Magnet with the central field of 1.4kG 
provides a bending power sufficient to measure protons up 
to Maximal Detectable Rigidity of 2.14TV. For He nuclei 
the Maximal Detectable rigidity is 3.75TV 

2.4. Ring Imaging Cherenkov detector 

The Ring Imaging Cerenkov (RICH) detector is 
designed to separate charged isotopes in cosmic rays by 
measuring velocities of charged particles with a precision 
of one part in a thousand.  The detector consists of a dual 
dielectric radiator that induces the emission of a cone of 
light rays when traversed by charged particles with a 
velocity greater than that of the phase velocity of light in 
the material.  The emitted photons are detected by an array 
of photon sensors after an expansion distance of 45 cm  
The measurement of the opening angle of the cone of 
radiation provides a direct measurement of the velocity of 
the incoming charged particle (�=v/c).  By counting the 
number of emitted photons the charge (Z) of the particle 
can be determined (see Figure 3).  

The radiator material of the detector consists of 92 tiles 
of silica aerogel (refractive index n=1.05) of 2.5 cm 
thickness and 16 tiles of sodium fluoride (n=1.33) of 
0.5 cm thickness.  This allows detection of particles with 
velocities greater than 0.953c and 0.75c respectively.  The 
detection plane consists of 10,880 photon sensors with an 
effective spatial granularity of 8.5 x 8.5 mm2.  To reduce 
lateral losses the expansion volume is surrounded by a 
high reflectivity reflector with the shape of a truncated 
cone. 

 
Figure 3: Shown on top are snapshots of the rings 
produced by the different nuclei as seen by RICH. Bottom 
figure is a spectrum of charges observed in 158 GeV/n 
heavy ion beam. 

2.5. Electromagnetic Calorimeter 

The AMS-02 electromagnetic calorimeter (ECAL) 
consists of a lead scintillating fiber sandwich with an 
active area of 648x648 mm2 and a thickness of 166.5 mm.  
The calorimeter is composed of 9 superlayers, each 
18.5 mm thick and made of 11 grooved, 1 mm thick lead 
foils interleaved with 10 layers of 1 mm diameter 
scintillating fibers. In each superlayer, the fibers run in one 
direction only.  The 3-D imaging capability of the detector 

Li C OHe Ca

Nuclear Charge Z

positron fraction,

positrons,electrons

spectra,

antiproton/proton

B/C, Be10/Be9

10 GeV the positron fraction decreases with increasing
energy as expected from the secondary production of
cosmic rays by collision with the interstellar medium.
The positron fraction is steadily increasing from 10 to
!250 GeV. This is not consistent with only the secondary
production of positrons [17]. The behavior above 250 GeV
will become more transparent with more statistics which
will also allow improved treatment of the systematics.

Table I (see also [13]) also presents the contribution of
individual sources to the systematic error for different bins
which are added in quadrature to arrive at the total system-
atic uncertainty. As seen, the total systematic error at the
highest energies is dominated by the uncertainty in the
magnitude of the charge confusion.

Most importantly, several independent analyses were
performed on the same data sample by different study
groups. Results of these analyses are consistent with those
presented in Fig. 5 and in Table I (see also [13]).

The observation of the positron fraction increase with
energy has been reported by earlier experiments: TS93
[18], Wizard/CAPRICE [19], HEAT [20], AMS-01 [21],
PAMELA [22], and Fermi-LAT [23]. The most recent
results are presented in Fig. 5 for comparison. The accu-
racy of AMS-02 and high statistics available enable the
reported AMS-02 positron fraction spectrum to be clearly
distinct from earlier work. The AMS-02 spectrum has the
unique resolution, statistics, and energy range to provide
accurate information on new phenomena.
The accuracy of the data (Table I and [13]) enables us to

investigate the properties of the positron fraction with
different models. We present here the results of comparing
our data with a minimal model, as an example. In this
model the eþ and e# fluxes,!eþ and!e# , respectively, are
parametrized as the sum of individual diffuse power law
spectra and the contribution of a single common source
of e$:

!eþ ¼ CeþE
#!eþ þ CsE

#!se#E=Es ; (1)

!e# ¼ Ce#E
#!e# þ CsE

#!se#E=Es (2)

(with E in GeV), where the coefficients Ceþ and Ce#

correspond to relative weights of diffuse spectra for posi-
trons and electrons, respectively, and Cs to the weight of
the source spectrum; !eþ , !e# , and !s are the correspond-
ing spectral indices; and Es is a characteristic cutoff energy
for the source spectrum. With this parametrization the
positron fraction depends on five parameters. A fit to the
data in the energy range 1–350 GeV based on the number
of events in each bin yields a "2=d:f: ¼ 28:5=57 and the
following: !e# # !eþ ¼ #0:63$ 0:03, i.e., the diffuse
positron spectrum is softer, that is, less energetic with
increasing energy, than the diffuse electron spectrum;
!e# # !s ¼ 0:66$ 0:05, i.e., the source spectrum is
harder than the diffuse electron spectrum; Ceþ=Ce# ¼
0:091$ 0:001, i.e., the weight of the diffuse positron flux
amounts to !10% of that of the diffuse electron flux;
Cs=Ce# ¼ 0:0078$ 0:0012, i.e., the weight of the com-
mon source constitutes only !1% of that of the diffuse
electron flux; and 1=Es ¼ 0:0013$ 0:0007 GeV#1, corre-
sponding to a cutoff energy of 760þ1000

#280 GeV. The fit is
shown in Fig. 6 as a solid curve. The agreement between
the data and the model shows that the positron fraction
spectrum is consistent with e$ fluxes each of which is the
sum of its diffuse spectrum and a single common power
law source. No fine structures are observed in the data. The
excellent agreement of this model with the data indicates
that the model is insensitive to solar modulation effects
[24] during this period. Indeed, fitting over the energy
ranges from 0.8–350 GeV to 6.0–350 GeV does not change
the results nor the fit quality. Furthermore, fitting the data
with the same model extended to include different solar
modulation effects on positrons and electrons yields simi-
lar results. This study also shows that the slope of the
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sum of the statistical and systematic uncertainties (see Table I
and [13]), and the horizontal positions are the centers of
each bin.
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Figure 1. Left: Allowed ranges of parameter space for fits within the 1σ, 90% confidence, and 2σ error
bars to PAMELA only (in decreasing intensity of red), Fermi only (in decreasing intensity of gray), and for
simultaneous fits to both PAMELA and Fermi (in decreasing intensity of purple). Yellow crosses indicate
benchmark points. Right: As in left, with curves showing the boost factors for a range of mass splittings δ such
that Ωh2 = 0.1120 (dashed). Yellow lines, marked with asterisks, are chosen to pass through the benchmark
points for cases where the BF varies rapidly with δ. The CMB constraints are met for the solid portions of
the curves. Results are shown for 800 GeV ≤ mχ ≤ 3 TeV only. All preferred regions shown here assume
ρ0 = 0.4 GeV/cm3 and no contribution to the signal from DM substructure; any substructure correction (e.g.
[87]) will shift the preferred regions to lower boost factors. The δ = 0 curve is intended as a consistency check
with previous work, and so annihilation channels involving the dark Higgs were omitted from the computation
in this case.
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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 ′
µνFµν . 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].
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FIG. 2: The positron fraction as a function of energy for the four annihilation modes considered here: χχ → φφ, followed by, (a)
φ → e+e−, (b) φ → µ+µ−, (c) φ → e+e−, µ+µ− (1:1), (d) φ → π+π− . The boost factor is defined relative to a cross section
⟨σv⟩ = 3 × 10−26cm3s−1 and ρ0 = 0.3 GeVcm−3. Such a boost reasonably can arise from a Sommerfeld enhancement, without
appeals to substructure.

give a good description of the WMAP “Haze” [55, 56, 57]
in the range of 5◦ − 15◦ from the galactic center. As a
consequence, a large diffuse ICS signal in the center of the
galaxy would be expected to be seen at Fermi/GLAST,
particularly for the higher mass particles [54]. However,
the highest mass scenarios can be constrained by HESS in
the event of cuspy profiles [47, 48, 58, 59] from signals in
the inner 100 pc, while radio signals can constrain these if
such cuspiness continues into the inner 0.1 pc, which may
require a flattening of the profile in the inner region [72].

In summary, a simple modification to the particle
physics model - namely, the inclusion of a new light bo-
son - naturally provides a simple explanation for the data.
A flattening of the positron fraction in future data from

PAMELA may indicate either the mass scale or the decay
mode of the φ. Alternatively, the spectrum may continue
to rise, in which case a signal may be seen in high energy
combined e+e− data at PAMELA, or other cosmic ray ex-
periments such as ATIC and PPB-BETS.
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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 ′
µνFµν . 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].
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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 ′
µνFµν . 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].
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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 ′
µνFµν . 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].
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FIG. 3. Upper limits (95% CL) on the DM annihilation cross
section, as derived from the AMS positron fraction, for various
final states (this work), WMAP7 (for ℓ+ℓ−) [43] and Fermi
LAT dwarf spheroidals (for µ+µ− and τ+τ−) [42]. The dot-
ted portions of the curves are potentially affected by solar
modulation. We also indicate ⟨σv⟩therm ≡ 3× 10−26 cm3s−1.
The AMS limits are shown for reasonable reference values of
the local DM density and energy loss rate, and can vary by a
factor of a few, as indicated by the hatched band (for clarity,
this band is only shown around the e+e− constraint).

away by other particles (neutrinos, in particular) and be-
cause they feature broader and less distinctive spectral
shapes. These new limits on DM annihilating to µ+µ−

and τ+τ− final states are still, however, highly competi-
tive with or much stronger than those derived from other
observations, such as from the cosmic microwave back-
ground [43] and from gamma-ray observations of dwarf
galaxies [42]. Note that for the case of e+e−γ final states
even stronger limits can be derived for mχ ! 50GeV by
a spectral analysis of gamma rays [70]. We do not show
results for the b̄b channel, for which we nominally find
even weaker limits due to the broader spectrum. In fact,
due to degeneracies with the background modeling, lim-
its for annihilation channels which produce such a broad
spectrum of positrons can suffer from significant system-
atic uncertainties. For this reason, we consider our limits
on the e+e− channel to be the most robust.
Uncertainties in the e± energy loss rate and local DM

density weaken, to some extent, our ability to robustly
constrain the annihilation cross sections under consid-
eration in Fig. 3. We reflect this uncertainty by show-
ing a band around the e+e− constraint, corresponding
to the range Urad + UB = (1.2 − 2.6) eV cm−3, and
ρ⊙χ = (0.25− 0.7)GeV cm−3 [59, 71]. Uncertainty bands
of the same width apply to each of the other final states
shown in the figure, but are not explicitly shown for clar-
ity. Other diffusion parameter choices impact our lim-
its only by up to ∼10%, except for the case of low DM
masses, for which uncertainties in the modeling of solar
modulation may be important [51, 72]. We reflect this in
Fig. 3 by depicting the limits derived in this less certain

mass range, where the peak of the signal e+ flux falls
below 5GeV, with dotted (rather than solid) lines.

For comparison, we have also considered a collection
of physical background models in which we calculated
the expected primary and secondary lepton fluxes using
GALPROP, and then added the contribution from all
galactic pulsars. While this leads to an almost identical
description of the background at high energies as in the
phenomenological model, small differences are manifest
at lower energies due to solar modulation and a spec-
tral break [53, 73, 74] in the CR injection spectrum at a
few GeV (both neglected in the AMS parameterization).
We cross-check our fit to the AMS positron fraction with
lepton measurements by Fermi [61]. Using these physical
background models in our fits, instead of the phenomeno-
logical AMS parameterization, the limits do not change
significantly. The arguably most extreme case would be
the appearance of dips in the background due to the su-
perposition of several pulsar contributions, which might
conspire with a hidden DM signal at almost exactly the
same energy. We find that in such situations, the real lim-
its on the annihilation rate could be weaker (or stronger)
by up to roughly a factor of 3 for any individual value of
mχ. We refer to the accompanying material in the Ap-
pendix for more details and further discussion of possible
systematics that might affect our analysis.

Lastly, we note that the upper limits on ⟨σv⟩(mχ) re-
ported in Fig. 3 can easily be translated into upper limits
on the decay width of a DM particle of mass 2mχ via
Γ ≃ ⟨σv⟩ρ⊙χ /mχ. We checked explicitly that this sim-
ple transformation is correct to better than 10% for the
L =4 kpc propagation scenario and e+e− and µ+µ− final
states over the full considered energy range.

Conclusions. In this Letter, we have considered a
possible dark matter contribution to the recent AMS cos-
mic ray positron fraction data. The high quality of this
data has allowed us for the first time to successfully per-
form a spectral analysis, similar to that used previously
in the context of gamma ray searches for DM. While we
have found no indication of a DM signal, we have derived
upper bounds on annihilation and decay rates into lep-
tonic final states that improve upon the most stringent
current limits by up to two orders of magnitude. For
light DM in particular, our limits for e+e− and µ+µ− fi-
nal states are significantly below the cross section naively
predicted for a simple thermal relic. When taken together
with constraints on DM annihilations to hadronic final
states from gamma rays [42] and antiprotons [22], this
new information significantly limits the range of models
which may contain a viable candidate for dark matter
with mχ ∼ O(10)GeV.

The AMS mission is planned to continue for 20 years.
With the total data set, we expect to be able to
strengthen the presented limits by at least a factor of
three in the energy range of 6–200GeV, and by more in
the likely case that systematics and the effective accep-
tance of the instrument improve.

The absence of spectral features in 
the AMS positron fraction gives 

limits on light leptophilic DM that 
are10-100 times stronger than 

current limits from CMB, or from 
dSph (similarly for the GC) 
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Gamma-rays

Fermi SKY

Known sources for the observed gamma-rays are:

i)Galactic Diffuse: decay of pi0s (and other mesons) from pp (NN) 
collisions (CR nuclei inelastic collisions with ISM gas), bremsstrahlung 
radiation off CR e, Inverse Compton scattering (ICS): up-scattering of 
CMB and IR, optical photons from CR e

ii)from point sources (galactic or extra galactic) (1873 detected in the 
first 2 years)

iii)Extragalactic Isotropic 

iv)”extended sources”

iv)misidentified CRs (isotropic dew to diffusion of CRs in the Galaxy)




Diffuse Gamma-Ray maps, examples
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their contribution to the continuum γ-rays spectrum in
the | l |< 5◦, | b |< 5◦ observation window have been de-
rived. Typically, DM models have sizable branching ra-
tios into more than one of these channels. Yet apart from
the χχ −→ µ+µ− channel and mainly the χχ −→ e+e−

channel, in all the other annihilation channels to SM par-
ticles with a continuum spectrum, the γ-ray DM signal
at 111 and 129 GeV can not be explained/mimicked by
the continuum spectrum. Thus it originates from the
annihilation into Zγ and 2γ. For χχ −→ e+e− and
χχ −→ µ+µ−, the final state radiation (FSR) and virtual
internal bremsstrahlung (VIB) can contribute to the line
signal as discussed in [1, 19].
For simplicity we assume that the DM induced γ-rays

with energy 111 ± 5 GeV and 129 ± 6 GeV come from
the annihilation of a 129 GeV DM particle into Zγ and
2γ respectively. Alternatively, these γ-ray lines could
come from hγ and Zγ for the case of a 142 GeV DM
particle. The relevant ratio of the luminosity of two lines
is taken to be 1/2 for the 111/129 GeV lines as suggested
in [23], thus, for the case of 129 GeV DM particle, the
annihilation cross-sections to Zγ and 2γ are assumed to
be the same.
For the DM distribution we assume that it is a combi-

nation of a spherically symmetric ”main” DM halo and a
dark disk (DD). For the main halo we assume a spherical
Einasto DM profile:

ρsph(r) = ρEin exp

{

−
2

δ

[

(

r

rc

)δ

− 1

]}

, (1)

using δ = 0.13, 0.17, 0.22 [38] with rc = 20 kpc. The
values of δ = 0.13(0.22) result in a more (less) cuspy DM
distribution. The density normalization parameter ρEin

is set in terms of the local DM density, after including a
contribution of the DD.
The profile of the DD component is assumed to be

described by [39]

ρDD(R, z) = ρ0DD
exp

[

1.68 (R⊙ −R)

R1/2

]

exp

[

−
0.693 |z|

z1/2

]

,

(2)
where R1/2 and z1/2 are the half mass scale lengths in the
Galactic plane and perpendicular to the Galactic plane,
respectively, and R⊙ = 8.5 kpc. Here R is the cylindrical
radial coordinate.
The ratio of the local DM density in the dark disk to

the local DM density in the spherical halo ρ0DD
/ρ0sph

typically range between 0.2-1.5 [39], with the higher ra-
tios being related to higher mass densities in the thick
stellar disk rather than in the thin stellar disk. The
thick stellar disk can be populated by thin stellar disk
stars, if the thin stellar disk gets heated by very massive,
high-redshift mergers. Another cause could be multiple
pro-grate and low inclination mergers [39].
In the template analysis performed below we will re-

strict to the case:

α/2 ≡ ρ0DD
/(ρ0sph + ρ0DD

) ≤ 0.5. (3)

fixing [40, 41]:

ρ0sph + ρ0DD
= 0.4 GeV cm−3. (4)

Regarding the dark disc thickness, some authors [42]
have suggested thicker disks, while thinner and less sig-
nificant dark disks can also be the case; keeping in the
parametrization of eq. 2 R1/2 = 11.7 fixed [39], we will
test the half mass scale length values of z1/2 = 0.5, 1.0,
1.5, 3.0 kpc.
In the standard model for cosmology, cold DM struc-

tures form hierarchically, with small DM halos collaps-
ing first and subsequently merging into larger and larger
objects. Since tidal disruption may only be partially ef-
fective, massive DM halos, such as the halo of our own
Galaxy, are expected to contain a vast population of sub-
halos, with mass spanning from a tiny seed mass up to a
fraction of the hosting halo mass. The minimum mass is
essentially associated to the free-streaming scale of DM
particles, in turns depending on their temperature of ki-
netic decoupling in the early Universe; for WIMPs the
minimum mass can be as small as about mcut = 10−6M⊙

[43, 44], much lighter than the dwarf galaxy scale, pos-
sibly to the smallest environment which can host stellar
populations and hence a luminous counterpart. Because
of the highly non-linear nature of the merging process,
up to now the only efficient technique to model in detail
DM halos is the use of numerical N-body simulations; in-
deed large populations of substructures have been found
in such studies. We will assume as primary reference in
our analysis results from Via Lactea II (VLII)[45], one
of the highest resolution simulations up to date of Milky
Way-sized CDM halo (virial mass Mh = 1.9× 1012M⊙),
with over one billion DM ”particles” and nominal mass
resolution of about 4100 M⊙ (numerical effects appear
to enter well above this scale, possibly affecting the sub-
halo mass spectrum up to about ∼ 3 × 106M⊙). In
our analysis we will discuss both the DM pair annihi-
lation associated to individual DM substructures as well
as the collective effect from the whole subhalo popula-
tion; in both respects, the resolution of the simulations
appears insufficient to properly model the expected sig-
nals. Our approach will then be to use the simulation
results to properly calibrate the necessary extrapolations
to smaller masses: tuning, at given Galactocentric ra-
dius, the subhalo pericenter distribution and applying a
recipe for taking into account tidal stripping effects, we
derive a model which reproduces fairly well the subhalo
mass function and the distribution in halo concentration
as a function of radius in the VLII simulation, and we
use it as a prediction below its resolution (some details
about our approach are given in Appendix A).
The general trends in the DM subhalo distribution can

be understood from the fact that more massive objects
are more prone to tidal stripping than the less massive
ones, because they typically have smaller average density,
reflecting the fact that they collapsed later in the cosmic
history at a lower average background density. As the
result, when going toward the center of the host halo,
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rived. Typically, DM models have sizable branching ra-
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where R1/2 and z1/2 are the half mass scale lengths in the
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respectively, and R⊙ = 8.5 kpc. Here R is the cylindrical
radial coordinate.
The ratio of the local DM density in the dark disk to

the local DM density in the spherical halo ρ0DD
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typically range between 0.2-1.5 [39], with the higher ra-
tios being related to higher mass densities in the thick
stellar disk rather than in the thin stellar disk. The
thick stellar disk can be populated by thin stellar disk
stars, if the thin stellar disk gets heated by very massive,
high-redshift mergers. Another cause could be multiple
pro-grate and low inclination mergers [39].
In the template analysis performed below we will re-

strict to the case:
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) ≤ 0.5. (3)

fixing [40, 41]:
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= 0.4 GeV cm−3. (4)

Regarding the dark disc thickness, some authors [42]
have suggested thicker disks, while thinner and less sig-
nificant dark disks can also be the case; keeping in the
parametrization of eq. 2 R1/2 = 11.7 fixed [39], we will
test the half mass scale length values of z1/2 = 0.5, 1.0,
1.5, 3.0 kpc.
In the standard model for cosmology, cold DM struc-

tures form hierarchically, with small DM halos collaps-
ing first and subsequently merging into larger and larger
objects. Since tidal disruption may only be partially ef-
fective, massive DM halos, such as the halo of our own
Galaxy, are expected to contain a vast population of sub-
halos, with mass spanning from a tiny seed mass up to a
fraction of the hosting halo mass. The minimum mass is
essentially associated to the free-streaming scale of DM
particles, in turns depending on their temperature of ki-
netic decoupling in the early Universe; for WIMPs the
minimum mass can be as small as about mcut = 10−6M⊙

[43, 44], much lighter than the dwarf galaxy scale, pos-
sibly to the smallest environment which can host stellar
populations and hence a luminous counterpart. Because
of the highly non-linear nature of the merging process,
up to now the only efficient technique to model in detail
DM halos is the use of numerical N-body simulations; in-
deed large populations of substructures have been found
in such studies. We will assume as primary reference in
our analysis results from Via Lactea II (VLII)[45], one
of the highest resolution simulations up to date of Milky
Way-sized CDM halo (virial mass Mh = 1.9× 1012M⊙),
with over one billion DM ”particles” and nominal mass
resolution of about 4100 M⊙ (numerical effects appear
to enter well above this scale, possibly affecting the sub-
halo mass spectrum up to about ∼ 3 × 106M⊙). In
our analysis we will discuss both the DM pair annihi-
lation associated to individual DM substructures as well
as the collective effect from the whole subhalo popula-
tion; in both respects, the resolution of the simulations
appears insufficient to properly model the expected sig-
nals. Our approach will then be to use the simulation
results to properly calibrate the necessary extrapolations
to smaller masses: tuning, at given Galactocentric ra-
dius, the subhalo pericenter distribution and applying a
recipe for taking into account tidal stripping effects, we
derive a model which reproduces fairly well the subhalo
mass function and the distribution in halo concentration
as a function of radius in the VLII simulation, and we
use it as a prediction below its resolution (some details
about our approach are given in Appendix A).
The general trends in the DM subhalo distribution can

be understood from the fact that more massive objects
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ones, because they typically have smaller average density,
reflecting the fact that they collapsed later in the cosmic
history at a lower average background density. As the
result, when going toward the center of the host halo,



Looking for DM annihilation signals

• Hardening of a spectrum without a clear cut-off 
localized in a certain region (Fermi haze->Fermi 
bubbles)


• Hardening of a spectrum with a clear cut-off: ~10 GeV 
DM claims towards the Galactic Center (GC) inner few 
degrees


• Line or lines 


• One of the most likely targets is the GC (though 
backgrounds also peak), others are the known 
substructure (dSphs) or Galaxy clusters  
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Figure 1: Various gamma-ray spectra expected from DM annihilation, all normalized to N(x > 0.1) =
1. Spectra from secondary particles (gray band) are hardly distinguishable. Pronounced peaks near the
kinematical endpoint can have different origins, but detectors with very good energy resolutions ∆E/E may
be needed to discriminate amongst them in the (typical) situation of limited statistics. See text for more
details about these spectra.

2.1. Lines
The direct annihilation of DM pairs into γX – where X = γ, Z,H or some new neu-

tral state – leads to monochromatic gamma rays with Eγ = mχ
[

1 − m2X/4m
2
χ

]

, providing
a striking signature which is essentially impossible to mimic by astrophysical contri-
butions [51]. Unfortunately, these processes are loop-suppressed with O(α2em) and thus
usually subdominant, i.e. not actually visible against the continuous (both astrophysical
and DM induced) background when taking into account realistic detector resolutions;
however, examples of particularly strong line signals exist [32, 33, 52–56]. A space-
based detector with resolution ∆E/E = 0.1 (0.01) could, e.g., start to discriminate be-
tween γγ and γZ lines for DM masses of roughly mχ ! 150GeV (mχ ! 400GeV) if at
least one of the lines has a statistical significance of" 5σ [57]. This would, in principle,
open the fascinating possibility of doing ‘DM spectroscopy’ (see also Section 5).

2.2. Internal bremsstrahlung (IB)
Whenever DM annihilates into charged particles, additional final state photons ap-

pear at O(αem) that generically dominate the spectrum at high energies. One may dis-
tinguish between final state radiation (FSR) and virtual internal bremsstrahlung (VIB)
in a gauge-invariant way [58], where the latter can very loosely be associated to pho-
tons radiated from charged virtual particles. FSR is dominated by collinear photons,
thus most pronounced for light final state particles, mf ≪ mχ, and produces a model-
independent spectrum with a sharp cut-off at Eγ = mχ [59, 60]; a typical example for a
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Comes from radiative corrections to processes 
with charged particles. Suppressed by O(a), but 
with a much harder spectrum; FSR has an 
additional suppression factor of (mf/Mchi)^2

Two body annihilation to 
photons. Almost monochro-
matic Line, but suppressed 
at O(a^2).

2.2 Photon line constraints

Both Fermi and HESS searches for line-like features in the photon spectrum are already sensitive to the cross
section of wino dark matter annihilating into two photons or a photon and a Z boson [52, 53]. The difference is
that currently the Fermi search is only sensitive to photons with energy below 300 GeV, while HESS is sensitive
to photons in a higher energy range above 500 GeV. In this subsection, we will derive bounds on neutralino dark
matter annihilation from photon line searches.

2.2.1 Neutralino annihilations into two photons

Analytic results of the full one-loop calculation of neutralino annihilation into two photons or photon+Z have
been derived in [54–57]. The Sommerfeld enhancement for pure wino or pure higgsino have been calculated in [50,
51]. The two calculations are different and there are some limitations of both calculations, which we will discuss
in Appendix B. To understand the behavior of the cross sections, we first inspect the limit when the neutralino is
heavy and the lightest superpartner (LSP) and its corresponding charged state are nearly degenerate in masses. We
will neglect Sommerfeld enhancement for the moment. In this limit, only one type of box diagram dominates, as
shown in Fig. 2. Other contributions to the rate are suppressed by 1/m 2

� . The analytic formula of the cross sections
in this limit are given by

h�v i�̃0�̃0!�� ⇡ 4↵4⇡

m 2
W sin4✓W

⇡ 1.6⇥10�27 cm3/s (�̃0 = W̃ 0),

⇡ ↵4⇡

4m 2
W sin4✓W

⇡ 10�28 cm3/s (�̃0 = H̃ 0), (5)

h�v i�̃0�̃0!Z� ⇡ 8↵4⇡cos2✓W

m 2
W sin6✓W

⇡ 1.1⇥10�26 cm3/s (�̃0 = W̃ 0),

⇡ ↵
4⇡
Ä

sin2✓W �0.5
ä2

2m 2
W sin6✓W cos2✓W

⇡ 8.0⇥10�29 cm3/s (�̃0 = H̃ 0). (6)

We see that for heavy neutralino, without Sommerfeld enhancement, its annihilation cross section is approxi-
mately a constant, independent of its mass at the leading order. (Taking into account the small but finite mass
splitting leads to a gradual decline in this cross section at high masses.)

Figure 2: Dominant diagram in the wino or higgsino annihilation into photons at the one-loop level, in the limit when the
neutralino is heavy.

For pure winos, the Z� annihilation cross section is about one order of magnitude larger than �� annihilation,
whereas for pure higgsinos they are comparable. The differences in wino and higgsino production cross sections
originate from their couplings to Z and �. For a �� final state, there is an additional Bose factor of 1/2 compared to
Z�.

In Fig. 3, we plotted the total cross section of wino annihilation into photons weighted by the number of pho-
tons in the final state, 2h�v i�� + h�v iZ�, as a function of the wino mass. The cross section is a result of matching
between the one-loop analytic calculation, which is more reliable for light winos, and the calculation including

5



A possible DM signal from the GC? (GeV excess)
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FIG. 3. LAT residual map after subtraction of our best fit model with an extended GC source, but without subtracting
the extended source model component. The counts were summed over the energy range 300 MeV�10 GeV. The map spans a
7� ⇥ 7� region of the sky centred at the Sgr A* position with pixel size of 0.1� ⇥ 0.1�. The residual has been smoothed with a
⇥ = 0.3� Gaussian.

FIG. 4. (a) Radial profile of the LAT residuals shown in Fig. (3) as obtained from a ring analysis computed around Sgr A*.
The histograms show the e�ective LAT point spread function (PSF) for three di�erent profile models: (i) NFW with inner slope
� ⇤ 1.2 (red continuous line) for which we get ⇤2/dof = 5.5/7. (ii) NFW with � = 1.3 (green dashed line) and ⇤2/dof = 44.6/7,
and lastly (iii) the profile for a PS model (blue dotted line) with ⇤2/dof = 2479.9/7. For all cases the spectra was modelled
with a Log Parabola. (b) Shown is the significance of NFW profiles with varying inner slope, where L� represents the likelihood
function at a given �. This was assessed by performing a set Fermi Tools runs where for each case the relaxation method was
used. The spectra was fitted with a Log Parabola function and only statistical uncertainties were taken into account.

contracted NFW profile. We tested this hypothesis by
normalizing to unity the ⇥J(b, l)⇤ maps as explained in
the Cicerone. 2

These normalized maps were also used to fit for the in-
ner slope �. This was done with two equivalent methods:

• We first computed the residual emission shown in

2 http://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/extended

Fig. (3). From this we produced a radial profile
Fig. (4)-(a) of the photon excess. This was com-
pared with that expected from a PS and also from
well motivated spatially extended sources using a
⇥2 test. The profiles for extended source shown
in the histograms Fig. (4)-(a) were obtained with
the gtmodel routine. The models entered to this
Tool were ⇥J(b, l)⇤ maps normalized to unity with

Gordon & Macias (1306.5725)

Inner 2 degrees

• extrapolate both the disk and the spherical (bulge) component. Use 
also the point source Fermi catalogue data

• In the inner         region find an excess in gamma-rays at 1-5GeV
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FIG. 9: The raw gamma-ray maps (left) and the residual maps after subtracting the best-fit Galactic di↵use model, 20 cm
template, point sources, and isotropic template (right), in units of photons/cm2/s/sr. The right frames clearly contain a
significant central and spatially extended excess, peaking at ⇠1-3 GeV. Results are shown in galactic coordinates, and all maps
have been smoothed by a 0.25� Gaussian.

of the Galactic Plane, while values greater than one are
preferentially extended perpendicular to the plane. In
each case, the profile slope averaged over all orientations
is taken to be � = 1.3 (left) and 1.2 (right). From this
figure, it is clear that the gamma-ray excess prefers to
be fit by an approximately spherically symmetric distri-
bution, and disfavors any axis ratio which departs from
unity by more than approximately 20%.

In Fig. 11, we generalize this approach within our
Galactic Center analysis to test morphologies that are

not only elongated along or perpendicular to the Galac-
tic Plane, but along any arbitrary orientation. Again,
we find that that the quality of the fit worsens if the the
template is significantly elongated either along or per-
pendicular to the direction of the Galactic Plane. A mild
statistical preference is found, however, for a morphology
with an axis ratio of ⇠1.3-1.4 elongated along an axis ro-
tated ⇠35� counterclockwise from the Galactic Plane in
galactic coordinates (a similar preference was also found
in our Inner Galaxy analysis). While this may be a statis-
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FIG. 10: The change in the quality of the fit, as performed in Sec. IV’s Inner Galaxy analysis (left frame) and Sec. V’s Galactic
Center analysis (right frame), when breaking our assumption of spherical symmetry for the dark matter template. The axis
ratio is defined such that values less than one are elongated along the Galactic Plane, whereas values greater than one are
elongated with Galactic latitude. The fit strongly prefers a morphology for the anomalous component that is approximately
spherically symmetric, with an axis ratio near unity.

FIG. 11: The change in the quality of the fit in our Galactic
Center analysis, for a dark matter template that is elongated
along an arbitrary orientation (x-axis) and with an arbitrary
axis ratio (y-axis). As shown in Fig. 10, the fit worsens if the
this template is significantly stretched either along or perpen-
dicular to the direction of the Galactic Plane (corresponding
to 0� or 90� on the x-axis, respectively). A mild statistical
preference, however, is found for a morphology with an axis
ratio of ⇠1.3-1.4 elongated along an axis rotated ⇠35� coun-
terclockwise from the Galactic Plane.

FIG. 12: To test whether the excess emission is centered
around the dynamical center of the Milky Way (Sgr A⇤), we
plot the ��2 of the fit found in our Galactic Center analysis,
as a function of the center of our dark matter template. The
fit clearly prefers this template to be centered within ⇠0.05�

degrees of the location of Sgr A⇤.

5

FIG. 3. LAT residual map after subtraction of our best fit model with an extended GC source, but without subtracting
the extended source model component. The counts were summed over the energy range 300 MeV�10 GeV. The map spans a
7� ⇥ 7� region of the sky centred at the Sgr A* position with pixel size of 0.1� ⇥ 0.1�. The residual has been smoothed with a
⇥ = 0.3� Gaussian.
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FIG. 4. (a) Radial profile of the LAT residuals shown in Fig. (3) as obtained from a ring analysis computed around Sgr A*.
The histograms show the e�ective LAT point spread function (PSF) for three di�erent profile models: (i) NFW with inner slope
� ⇤ 1.2 (red continuous line) for which we get ⇤2/dof = 5.5/7. (ii) NFW with � = 1.3 (green dashed line) and ⇤2/dof = 44.6/7,
and lastly (iii) the profile for a PS model (blue dotted line) with ⇤2/dof = 2479.9/7. For all cases the spectra was modelled
with a Log Parabola. (b) Shown is the significance of NFW profiles with varying inner slope, where L� represents the likelihood
function at a given �. This was assessed by performing a set Fermi Tools runs where for each case the relaxation method was
used. The spectra was fitted with a Log Parabola function and only statistical uncertainties were taken into account.

contracted NFW profile. We tested this hypothesis by
normalizing to unity the ⇥J(b, l)⇤ maps as explained in
the Cicerone. 2

These normalized maps were also used to fit for the in-
ner slope �. This was done with two equivalent methods:

• We first computed the residual emission shown in

2 http://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/extended

Fig. (3). From this we produced a radial profile
Fig. (4)-(a) of the photon excess. This was com-
pared with that expected from a PS and also from
well motivated spatially extended sources using a
⇥2 test. The profiles for extended source shown
in the histograms Fig. (4)-(a) were obtained with
the gtmodel routine. The models entered to this
Tool were ⇥J(b, l)⇤ maps normalized to unity with

Cuspy morphological profile 

and centered at the GC
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FIG. 22: The spectra of the emission correlated with a dark matter template, corresponding to a generalized NFW profile with
an inner slope of � = 1.26, with the background modeled by the p6v11 di↵use model (black diamonds) or the p7v6 di↵use
model (blue stars). In both cases, the fit also contains an isotropic o↵set and a template for the Fermi Bubbles.

FIG. 23: A comparison of the regions of the dark matter
mass-annihilation cross section plane (for annihilations to bb̄)
best fit by the spectrum found in our default Inner Galaxy
analysis (using the Pass 6 Galactic di↵use model, and fit over
the entire sky, |b| > 1�), to that found for the spectra shown
in Figs. 19 and 22. See text for details.

interpretation, and the qualitative results do not change
with choice of di↵use model.

3. Variation in the ⇡0 Contribution to the Galactic
Di↵use Emission

Although the spectrum of the observed excess does not
appear to be consistent with gamma rays produced by in-
teractions of proton cosmic rays with gas, one might won-
der whether the di↵erence between the true spectrum
and the model might give rise to an artificially peaked
spectrum. While we fit the spectrum of emission corre-
lated with the Fermi di↵use model from the data, the
model contains at least two principal emission compo-
nents with quite di↵erent spectra (the gamma rays from
the inverse Compton scattering of cosmic-ray electrons,
and those from the interactions between cosmic-ray pro-
tons and gas), and their ratio is essentially fixed by our
choice to use a single template for the di↵use Galactic
emission (although we do allow for an arbitrary isotropic
o↵set). Mismodeling of the cosmic-ray spectrum or den-
sity in the inner Galaxy could also give rise to residual
di↵erences between the data and model.
As a first step in exploring such issues, we consider

relaxing the constraints on the background model by
adding the Schlegel-Finkbeiner-Davis (SFD) map of in-
terstellar dust [82] as an additional template. This dust
map has previously been used e↵ectively as a template
for the gas-correlated gamma-ray emission [41, 42]. By
allowing its spectrum to vary independently of the Fermi

di↵use model, we hope to absorb systematic di↵erences
between the model and the data correlated with the gas.
While the approximately spherical nature of the observed
excess (see Sec. VI) makes the dust template unlikely to
absorb the majority of this signal, if the spectrum of the

Daylan et al. (1402.6703)
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in Figs. 19 and 22. See text for details.
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lated with the Fermi di↵use model from the data, the
model contains at least two principal emission compo-
nents with quite di↵erent spectra (the gamma rays from
the inverse Compton scattering of cosmic-ray electrons,
and those from the interactions between cosmic-ray pro-
tons and gas), and their ratio is essentially fixed by our
choice to use a single template for the di↵use Galactic
emission (although we do allow for an arbitrary isotropic
o↵set). Mismodeling of the cosmic-ray spectrum or den-
sity in the inner Galaxy could also give rise to residual
di↵erences between the data and model.
As a first step in exploring such issues, we consider

relaxing the constraints on the background model by
adding the Schlegel-Finkbeiner-Davis (SFD) map of in-
terstellar dust [82] as an additional template. This dust
map has previously been used e↵ectively as a template
for the gas-correlated gamma-ray emission [41, 42]. By
allowing its spectrum to vary independently of the Fermi

di↵use model, we hope to absorb systematic di↵erences
between the model and the data correlated with the gas.
While the approximately spherical nature of the observed
excess (see Sec. VI) makes the dust template unlikely to
absorb the majority of this signal, if the spectrum of the
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FIG. 14: The quality of the fit (�2, over 25-1 degrees-of-freedom) for various annihilating dark matter models to the spectrum
of the anomalous gamma-ray emission from the Inner Galaxy (as shown in Fig. 5) as a function of mass, and marginalized
over the value of the annihilation cross section. In the left frame, we show results for dark matter particles which annihilate
uniquely to bb̄, cc̄, ss̄, light quarks (uū and/or dd̄), or ⌧+⌧�. In the right frame, we consider models in which the dark matter
annihilates to a combination of channels, with cross sections proportional to the square of the mass of the final state particles,
the square of the charge of the final state particles, democratically to all kinematically accessible Standard Model fermions, or
80% to ⌧+⌧� and 20% to bb̄. The best fits are found for dark matter particles with masses in the range of ⇠20-40 GeV and
which annihilate mostly to quarks.

FIG. 15: The range of the dark matter mass and annihilation cross section required to fit the gamma-ray spectrum observed
from the Inner Galaxy, for a variety of annihilation channels or combination of channels (see Fig. 14). The observed gamma-ray
spectrum is generally best fit by dark matter particles with a mass of ⇠20-40 GeV and that annihilate to quarks with a cross
section of �v ⇠ (1� 2)⇥ 10�26 cm3/s.

VII. IMPLICATIONS FOR DARK MATTER

In this section, we use the results of the previous sec-
tions to constrain the characteristics of the dark matter
particle species potentially responsible for the observed
gamma-ray excess. We begin by fitting various dark mat-
ter models to the spectrum of the gamma-ray excess as
found in our Inner Galaxy analysis (as shown in Fig. 5).
In Fig. 14, we plot the quality of this fit (�2) as a function

of the WIMP mass, for a number of dark matter annihila-
tion channels (or combination of channels), marginalized
over the value of the annihilation cross section. Given
that this fit is performed over 25-1 degrees-of-freedom,
a goodness-of-fit with a p-value of 0.05 (95% CL) cor-
responds to a �2 of approximately 36.8. We take any
value less than this to constitute a “good fit” to the Inner
Galaxy spectrum. Excellent fits are found for dark mat-
ter that annihilates to bottom, strange, or charm quarks

Degeneracy with respect to the 

DM annihilation “channel” (describes 

the SM products of annihilation)

Some uncertainty in the exact spectral  properties of 

the excess -> uncertainty in the DM interpretation



The case of a gamma-ray line at the galactic center
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A. Dark Matter Density Profile

Astrophysical uncertainties dominate the prediction of the wino annihilation flux. The

flux is proportional to the J-factor, defined as
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where s is the line-of-sight distance, l (b) is the Galactic longitude (latitude), r =
p
s2 +R2

� � 2sR� cos l cos b is the galactocentric distance, R� = 8.5 kpc is the distance to

the Sun from the Galactic Center, and ⇢
0

= 0.4 GeV cm�3 is the local density [55–58]. The

functional form for the DM density ⇢(r) is highly uncertain. It is often modeled with the

NFW profile [59]
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FIG. 3: The NFW [solid, red], Einasto [dashed, blue], and Burkert with r

s

= 0.5 [green, dotted]
and 10 kpc [purple, dot-dashed] profiles as a function of the distance from the Galactic Center. The
table shows the J-factors for each of these profiles in the H.E.S.S. region of interest, normalized to
J

NFW

= 0.60.

The DM profile: Looking for spectral features (HESS):
3

overall γ-ray annihilation spectrum. Here a search for γ-
ray line-like signatures conducted with the H.E.S.S. ex-
periment in the energy range Eγ ∼ 500GeV − 25TeV
is reported, complementing a recent search at energies
between 7GeV and 200GeV with the Fermi-LAT instru-
ment [15] and studies discussing an indication for a line
feature at an energy of about 130GeV [16–18].
The search for a DM-induced spectral signature in the

H.E.S.S. data is performed separately for two sky regions
of interest. The first is the CGH, a promising region due
to its proximity and predicted large DM concentration.
Following [8], the search region is defined as a circle of
1◦ radius centred on the GC, where the Galactic plane is
excluded, by requiring |b| > 0.3◦. The second region is
the extragalactic sky covered by H.E.S.S. observations,
with regions containing known VHE γ-ray sources being
excluded from the analysis. For both data sets, the un-
certainty on the strength of a putative DM annihilation
signal is much reduced in comparison to the observations
of centres of galaxies: for the CGH, the very centre is not
considered, thus avoiding a region where the DM profile
is only poorly constrained [8]. For the extragalactic data
set, differences in DM density between individual sub-
structures are averaged out by observing many different
fields of view [19]. One should note, however, that a
potentially large (but highly uncertain) γ-ray flux from
Galactic DM annihilations may contribute to the extra-
galactic analysis [20].

METHODOLOGY AND RESULTS

The CGH data set is composed of 112 h (live time) of
GC observations recorded with the H.E.S.S. VHE γ-ray
instrument (see [21] and references therein) during the
years 2004–20082. The mean distance between the tele-
scope pointing positions and the GC is 0.7◦, with a max-
imum of 1.5◦ [8]. The extragalactic data set comprises
1153 h of H.E.S.S. observations taken during 2004–2007,
targeted at various extragalactic objects. Regions in the
field-of-view (FoV) containing known VHE γ-ray sources
are excluded by masking out a circular region (of radius
0.2◦ for point sources) around the source position.
Observations with zenith angles larger than 30◦ are

excluded from the analysis to lower the energy thresh-
old, resulting in a mean zenith angle of 14◦ (19◦) for the
CGH (extragalactic) observations. Only γ-ray-like events
are accepted for which the distance between the recon-
structed γ-ray direction and the observation direction of
the H.E.S.S. array is smaller than 2◦, avoiding showers

2 Data from later periods were excluded, since the gradual degra-
dation in time of the optical efficiency of the instrument would
result in an increased energy threshold.
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FIG. 1. Reconstructed flux spectrum of the CGH region, us-
ing 25 equidistant bins per unit of log10(Eγ). Flux points have
been multiplied by E2.7

γ . The data consist mostly of hadronic
cosmic ray background events, reconstructed using a γ-ray hy-
pothesis. The spectrum is well described by the parametriza-
tion introduced in Eq. 1, depicted by the black solid line. The
corresponding χ2-test probability is p = 0.34. The two contri-
butions P (x) and G(x) are shown by the dashed-dotted and
the dashed curve, respectively. Note that the shape of the
Gaussian function G(x) is much broader than the expected
monochromatic line feature from DM annihilations. As an
example, the red curve shows the expected signal of a line at
Eγ = 2TeV that would be detected with a statistical signifi-
cance of 5 standard deviations above the background.

being reconstructed too close to the edges of the ∼ 5◦ di-
ameter FoV of the H.E.S.S. cameras [21]. Furthermore,
events are considered only if they pass H.E.S.S. standard
γ-ray selection criteria defined in [21] and triggered all
four telescopes. Only 15% of the total event sample is
kept by the latter selection. However, compared to the
H.E.S.S. standard analysis, such selection leads to a bet-
ter signal to background ratio and an improved energy
resolution of Gaussian width σE (17% at 500GeV and
11% at 10TeV), and therefore increases the sensitivity
of the analysis to spectral features by up to 50%. The
energy threshold is 310GeV (500GeV) for the CGH (the
extragalactic) data set.

Differential flux spectra are calculated from the re-
constructed event energies separately for the CGH and
extragalactic data sets using zenith angle-, energy- and
offset-dependent effective collection areas from γ-ray sim-
ulations. Since sky regions containing known VHE γ-ray
sources were excluded from the analysis, the spectra con-
sist mostly of γ-ray-like cosmic-ray background events
(and a fraction of ∼ 10% of electrons). These spectra are
well described by the empirical parametrization

dN

dEγ
= a0

(

Eγ

1TeV

)−2.7

[P (x) + βG(x)] , (1)

The Limits on spectral features:
5
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FIG. 2. Upper limits on γ-ray flux from monochromatic line
signatures, derived from the CGH region (red arrows with
full data points) and from extragalactic observations (black
arrows with open data points). For both data sets, the solid
black lines show the mean expected limits derived from a large
number of statistically randomized simulations of fake back-
ground spectra, and the gray bands denote the corresponding
68% CL regions for these limits. Black crosses denote the flux
levels needed for a statistically significant line detection in the
CGH dataset.
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FIG. 3. Flux upper limits on spectral features arising from
the emission of a hard photon in the DM annihilation pro-
cess. Limits are exemplary shown for features of comparable
shape to those arising in the models BM2 and BM4 given in
[14]. The monochromatic line limits, assuming mχ = Eγ , are
shown for comparison.

20%, depending on the energy and the statistics in the
individual spectrum bins. The maximum shift is ob-
served in the extragalactic limit curve and amounts to
40%. In total, the systematic error on the flux upper
limits is estimated to be about 50%. All flux upper
limits were cross-checked using an alternative analysis
framework [24], with an independent calibration of cam-
era pixel amplitudes, and a different event reconstruction
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FIG. 4. Limits on the velocity-weighted cross section for DM
annihilation into two photons calculated from the CGH flux
limits (red arrows with full data points). The Einasto density
profile with parameters described in [20] was used. Limits ob-
tained by Fermi-LAT, assuming the Einasto profile as well, are
shown for comparison (black arrows with open data points)
[15].

and event selection method, leading to results well con-
sistent within the quoted systematic error.
For the Einasto parametrization of the DM density

distribution in the Galactic halo [20], limits on the
velocity-weighted DM annihilation cross section into γ
rays, ⟨σv⟩χχ→γγ , are calculated from the CGH flux limits
using the astrophysical factors given in [8]. The result is
shown in Fig. 4 and compared to recent results obtained
at GeV energies with the Fermi-LAT instrument.

SUMMARY AND CONCLUSIONS

For the first time, a search for spectral γ-ray signatures
at very-high energies was performed based on H.E.S.S.
observations of the central Milky Way halo region and ex-
tragalactic sky. Both regions of interest exhibit a reduced
dependency of the putative DM annihilation flux on the
actual DM density profile. Upper limits on monochro-
matic γ-ray line signatures were determined for the first
time for energies between ∼ 500GeV and ∼ 25TeV, cov-
ering an important region of the mass range of particle
DM. Additionally, limits were obtained on spectral sig-
natures arising from internal bremsstrahlung processes,
as predicted by the models BM2 and BM4 of [14]. It
should be stressed that the latter results are valid for
all spectral signatures of comparable shape. Besides, all
limits also apply for potential signatures in the spectrum
of cosmic-ray electrons and positrons.
Flux limits on monochromatic line emission from the

central Milky Way halo were used to calculate upper lim-
its on ⟨σv⟩χχ→γγ . Limits are obtained in a neutralino

Wino Limits:
excluded by HESS g-line searches at 95% CL
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Significance of dwarf spheroidal galaxies

for Dark Matter annihilation signal searches

Sculptor dwarf Spheroidal galaxies are low luminosity galaxies 
(spheroidal in shape) containing ~10-100 million stars 
with the observed ones being companions to our 
Galaxy or to Andromeda. Their typical mass is ~ 100 
times smaller than our galaxy. 
Why we care:

among the most dark matter-dominated galaxies 
with very low baryonic gas densities, and 
suppressed star formation rates -> 

flux of gamma-rays from individual sources and  
CRs interacting with local medium is low (small 
backgrounds in gammas),

thus a “good” target to look for a DM signal in 
gamma-rays, especially for detectors as the

Fermi-LAT, Air-Cherenkov telescopes 
(Evans,Ferrer&Sarkar 04, Colafrancesco,Profumo,Ullio 07, 
Strigari, Koushiappas, Bullok, Koplinghat 07, ...)bb̄

FIG. 5. Constraints on the dark matter annihilation cross section at 95% CL derived from a
combined analysis of 15 dwarf spheroidal galaxies assuming an NFW dark matter distribution
(solid line). In each panel bands represent the expected sensitivity as calculated by repeating
the combined analysis on 300 randomly-selected sets of blank fields at high Galactic latitudes in
the LAT data. The dashed line shows the median expected sensitivity while the bands represent
the 68% and 95% quantiles. For each set of random locations, nominal J-factors are randomized
in accord with their measurement uncertainties. Thus, the positions and widths of the expected
sensitivity bands reflect the range of statistical fluctuations expected both from the LAT data and
from the stellar kinematics of the dwarf galaxies. The most significant excess in the observed limits
occurs for the bb̄ channel between 10 GeV and 25 GeV with TS = 8.7 (global p-value of p ⇡ 0.08).

36

Mass (GeV/c2)

FIG. 5. Constraints on the dark matter annihilation cross section at 95% CL derived from a
combined analysis of 15 dwarf spheroidal galaxies assuming an NFW dark matter distribution
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FIG. 8. Two examples of viable models which provide a good fit to the observed EGB. See text for details.

below the current resolution (the Aquarius simulation of
Milky Way-like halos, for example, resolves subhalos with
masses down to ⇠ 3 ⇥ 104 M� [79]). In particular, the
result of in Eq. 8 assumes that the subhalo mass function
extends down to a minimum mass of Mmin = 10�6 M�,
and that the mass-concentration relationship observed
among very massive simulated subhalos can be extrapo-
lated to much smaller subhalos. In regards to the min-
imum subhalo mass, the precise value of Mmin is de-
termined by the temperature at which the dark matter
particles decouple kinetically from the cosmic neutrino
background. And while the value of Mmin is model-
dependent, typical dark matter candidates with masses
and annihilation cross sections in the range of interest to
this study generically yield minimum masses in the range
of Mmin ⇠ 10�3 � 10�9 M� [80, 81]. If we had increased
the minimum subhalo mass assumed from 10�6 to 10�3

solar masses, the boost factors would be reduced by a fac-
tor of ⇠4 relative to those given by Eq. 8. Of potentially
greater importance, however, is the extrapolation of the
subhalo mass-concentration relationship. If the concen-
trations of low mass subhalos are not as large as sug-
gested by current extrapolations, the resulting boost fac-
tors could be very significantly reduced. As an example
of the variation found in the literature, we point out that
the boost factors presented in Ref. [83] for galaxy-sized
halos are a factor of ⇠30 smaller than those described in
Eq. 8. With this in mind, we plot in Fig. 9 the contribu-
tion to the EGB from extragalactic dark matter annihi-
lations, for a reference dark matter model (mDM = 100
GeV, annihilating to bb̄ with �v = 3⇥10�26 cm3/s), and
for three sets of assumptions regarding substructure. The
upper curve is our default case (Eq. 8), which the lower
dotted curve represents a more conservative case in which
the boost factor is reduced by a factor of 30. Also shown
as the lowest curve, which entirely neglects the contri-
bution from substructure. Notice that the conservative
case is almost indistinguishable from the case in which
we neglect substructures entirely.

We briefly mention that our results are slightly dif-
ferent from those of Ref. [68], due to di↵erences in our
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FIG. 9. The extragalactic dark matter annihilation con-
tribution to the EGB for a reference dark matter model
(mDM = 100 GeV, annihilating to bb̄ with �v = 3 ⇥ 10�26

cm3/s). The upper curve is the result using the substruc-
ture boost factor of Eq. 8, which is based on an extrapolation
of numerical simulations. The dotted curve assumes a boost
factor that is a factor of 30 lower than our default model.
The lowest curve neglects the contribution from substructure
entirely. See text for details.

underlying assumptions. Firstly, where as the authors of
Ref. [68] adopted a halo mass function based on an ellip-
soidal collapse model, we have instead adopted the model
of Ref. [71]. Secondly, we have updated our cosmologi-
cal parameters to include the recent results of the Planck
experiment [47]. In Fig. 10, we show that the combined
impact of these di↵erences reduces the overall normaliza-
tion of the extragalactic dark matter signal by a factor
of less than ⇠20% relative to the results of Ref. [68].

B. The Smooth Galactic Halo

The angle-averaged intensity from dark matter anni-
hilations in the halo of the Milky Way (neglecting sub-

I.C., S. McDermott, D. Hooper, JCAP 1402 (2014)

Extragalactic diffuse gamma-rays are isotropically distributed.There are 

many astrophysical sources that suffer from relatively large uncertainties. 
Correlating to radio we can extract some of their properties and model them 
out. —> Build models for the non-DM contribution and derive limits on DM.
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underlying assumptions. Firstly, where as the authors of
Ref. [68] adopted a halo mass function based on an ellip-
soidal collapse model, we have instead adopted the model
of Ref. [71]. Secondly, we have updated our cosmologi-
cal parameters to include the recent results of the Planck
experiment [47]. In Fig. 10, we show that the combined
impact of these di↵erences reduces the overall normaliza-
tion of the extragalactic dark matter signal by a factor
of less than ⇠20% relative to the results of Ref. [68].

B. The Smooth Galactic Halo

The angle-averaged intensity from dark matter anni-
hilations in the halo of the Milky Way (neglecting sub-
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Tinker et al. [71] (adopted in our calculations) and the ellip-
soidal collapse model adopted in Ref. [68]. We also show re-
sults using pre-Planck (dashed) and post-Planck (solid) values
for the relevant cosmological parameters. These di↵erences
have only a modest impact on the contribution of dark mat-
ter annihilations to the extragalactic gamma-ray background.

structures) is given by:
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where s is the distance from the center the halo, and b
and l are the direction in galactic coordinates. Again,
we take the dark matter to be distributed according to
an NFW profile, and adopt parameters consistent with
measurements: rs = 21.5 kpc, rvir = 258 kpc, andMvir =
1.0⇥ 1012 M� [84].

In Fig. 11, we plot the contribution to the EGB from
dark matter annihilations in the smooth component of
the Milky Way’s halo. Comparing this to the extragalac-
tic contribution, we find that this component is likely to
be subdominant, even for conservative assumptions per-
taining to extragalactic substructure.

C. Subhalos of the Milky Way

Although the smooth halo the Milky Way is predicted
to provide no more than a subdominant contribution to
the EGB, the intensity of gamma rays from dark mat-
ter annihilations in the subhalos of the Milky Way are
expected to be comparable to the intensity of gamma
rays from extragalactic structures. Each subhalo has a
di↵erential luminosity which is totally determined by its
density profile:

dL�

dE�
=

h�vi
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Z
dV ⇢2sub. (10)
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FIG. 11. The contribution to the extragalactic gamma-ray
background from dark matter annihilations in the smooth
halo of the Milky Way, for a reference dark matter model
(mDM = 100 GeV, annihilating to bb̄ with �v = 3 ⇥ 10�26

cm3/s). See text for details.

For a subhalo of mass, M , at a distance, s, along the
line-of-sight, the photon intensity at earth is given by:

di(E� , s,M)

dE�
=

1

4⇡s2
dL(E� , h�vi,m�,M)

dE�
(11)

=
1

4⇡s2
bgsh�vi
2m2
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dE�

M2

rs(M)3
g[c(M)],

where rs is the scale radius of the subhalo and bgs de-
scribes the contribution from substructure within each
subhalo, which we set equal to 2, irrespective of mass
[85]. The function g[c(M)] arises from the integral over
the volume of each satellite, and is given by:

g[c(M)] =
1

12⇡

"
1� 1

(1 + c)3

# 
ln(1 + c)� c

1 + c

��2

,

(12)
where c is the concentration of the subhalo. For our
default calculation, we set the subhalo concentrations
following the approach of Ref. [86], where the subhalo
is assumed to be initially described by an NFW profile
which is then tidally stripped, leaving only a very com-
pact and dark matter-dominated object. We will also
consider a more conservative scenario in which the con-
tribution from galactic subhalos is suppressed by a factor
of 30 relative to our default case.
The total intensity of gamma rays at Earth from dark

matter particles annihilating in galactic subhalos is then
given by integrating Eq. 11 over the distribution of Milky
Way subhalos. Thus we have

dIsub(E�)

dE�
=

Z
dV dM

dnsub(M, s, `, b)

dM

di(E� , s,M)

dE�
,

(13)
where dV = s2 cos b ds db d` is the volume element andR
dM dV dn/dM is the total number of subhalos in the
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FIG. 15. In the left frame, we show the limits (95% CL) on the dark matter annihilation cross section derived in this study,
using our default substructure model (solid), and neglecting substructure (dashes). In the right frame, we compare this result
to the strongest existing constraints on the dark matter annihilation cross section from observations of the Galactic Center [37]
and of dwarf spheroidal galaxies [38]. See text for details.

section, we add a contribution from annihilations of dark
matter (with a given mass and annihilation channel) to
our model. We increase the value of the cross section un-
til the best possible �2 (marginalizing over all the param-
eters of the astrophysics model) increases by 2.71 over the
best-fit with no dark matter component (corresponding
to the 95% confidence level upper limits). In Fig. 14, we
show the contributions to the EGB in models with the
maximum allowed contribution from annihilating dark
matter (assuming annihilations to exclusively to bb̄ for
five choices of the dark matter mass).

In the left frame of Fig. 15, we plot the upper lim-
its on the dark matter annihilation cross section derived
in this study. In the right frame, this result is com-
pared to the limits obtained from observations of the
Galactic Center [37] and of dwarf spheroidal galaxies [38].
For our default substructure model, the limits presented
here are approximately as stringent as those derived from
the Galactic Center (assuming an NFW profile). Our
limits obtained neglecting contributions from substruc-
ture are comparably stringent to those derived from the
Galactic Center assuming a profile with a kiloparsec-scale
core [37]. And although the constraint from dwarf galax-
ies is somewhat less susceptible to astrophysical uncer-
tainties than those derived from the EGB or Galactic
Center, even for very conservative assumptions (i.e.. neg-
ligible contributions from substructure) the constraints
derived here are as or more sensitive to dark matter par-
ticles with masses on the order of 100 GeV or greater.

V. PROJECTIONS AND FUTURE
SENSITIVITY

As Fermi continues to collect data, its sensitivity to
dark matter annihilation products in the EGB will in-
crease due to two di↵erent sets of factors. Firstly, Fermi’s
measurement of the EGB itself will improve, reducing

the errors on the corresponding spectrum and extend-
ing the measurement to higher energies. Secondly, with
a larger data set, Fermi will detect GeV emission from
a greater number of radio galaxies, star-forming galax-
ies, and blazars, and will characterize the emission from
those sources already detected with greater precision. As
it does so, the uncertainties in the contributions to the
EGB from these sources classes will be reduced consid-
erably.

To project the error bars on Fermi’s future (after 10 to-
tal years of operation) measurement of the EGB, we take
the preliminary spectrum (which is based on 44 months
of data, and is shown in the left frame of Fig. 16 [47])
and further reduce the size of the error bars by a factor ofp
120/44 ⇡ 1.65. Note that in this projection, we have

not removed contributions from to-be-resolved blazars, in
order to better facilitate comparisons between projected
and current models and measurements. To project the
improvement in the uncertainties of our astrophysical pa-
rameters (IR/radio correlation parameters, spectral in-
dices, etc.), we reduce each error bar by the square root
of time (relative to the amount of data that was used
in the analysis of each source population). We conserva-
tively do not account for any possible improvements in
the uncertainties of the radio or IR luminosity functions
when making our projections.

In each frame of Fig. 16, we show the projected uncer-
tainties for an astrophysical model of the EGB after 10
years of Fermi data. In the left frame, we compare this
to the preliminary Fermi (44 month) measurement of the
EGB [47]. In the right frame, we compare this model to
our projection for Fermi’s measurement of the EGB with
10 years of data. Using this projection for the model
parameters and EGB measurements, we repeat the pro-
cedure used in Sec. IV to predict the constraints that
Fermi should be able to place on the dark matter annihi-
lation cross section after 10 years of observation. These
projected constraints are shown in Fig. 17.
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Collider Searches
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a hadron collider. For scalar quark partners Q, there is an additional diagram

involving the gluon-Q quartic interaction that is not shown.

that they should be taken seriously as phenomenologically-motivated models of dark

matter under the assumption that a small number of states is relevant. Another point

of view comes from the fact that these models are also the minimal ones that can

explain an excess in collider searches for jets plus missing energy, perhaps the most

promising channel for the discovery of SUSY. If a signal is seen in jets+MET, it would

immediately raise the question of whether WIMP dark matter is being produced in

these events. In the context of the models we are considering, the rate and kinematics

of such a signal would point to a specific region of the parameter space, which can

be additionally probed by both monojet searches and direct detection experiments.

A confirmation of the model predictions is clearly interesting, while ruling out the

model tells us that additional states are required if the missing energy is due to

WIMP dark matter. Finally, these models can be viewed as ‘simplified models’ [23]

that parameterize the constraints of experiments in terms of a model with only the

ingredients relevant for the signal. In this case, they provide a well-defined mapping

between collider and astrophysical constraints on dark matter based on a well-defined

set of physical assumptions. From all of these points of view, we believe these models

can provide insight into the complementarity between these di↵erent approaches to

testing the WIMP hypothesis.

Our main conclusion is that collider and direct detection experiments are remark-

5

tion has enhanced sensitivity, because the energy denominator suppressing the direct

detection cross section is m
Q

� m
�

. In fact, the current XENON100 limit already

rules out the entire region near the degenerate limit. In this region, co-annihilation

becomes important, and this was not included in our relic abundance calculations,

so these limits are not fully reliable. However, as can be seen in the XENON1T and

LUX projections, the improvements in future years in spin-independent direct detec-

tion limits will push the sensitivity into a region where the coannihilation e↵ects are

negligible. The collider limits on the degenerate region are also expected to improve,

so in future years we may expect direct detection and collider searches to fully probe

this region.

Note that the direct detection bounds are very weak for m
�

⌧ m
Q

. This is due

to the fact that the spin-dependent cross section goes as m�4

Q

, as shown in Table 2.

This feature is not present in the other models considered below, so in these cases

direct detection is more sensitive for m
�

⌧ m
Q

.

Fig. 4. Limits on Majorana dark matter coupling to all generations. The limits

from the CMS dijet searches are shown with lines (black dot dashed, green dot

dashed, brown solid) taking into account the production modes (all, QCD only,

bottom quark) and the CMS monojet is shown in red dotted. The direct detection

limits (XENON100 in blue solid, projected LUX and XENON1T in dashed) have an

edge at m
�

' m
t

due to the e↵ects of the top quark on the relic abundance. There

are two regions where the results have large uncertainties. In the grey region m
Q

<

1.1m
�

, coannihilation e↵ects can strongly suppress �, weakening the bounds. In

the black region m
Q

� m
�

, � > 3 is required to obtain the correct relic abundance.
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(Also: CMS for updated D5 and D8 from mono-jets/photons)
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Figure 5. Inferred 90% CL ATLAS limits on spin-independent WIMP-nucleon scattering. Cross
sections are shown versus WIMP mass mχ. In all cases the thick solid lines are the observed
limits excluding theoretical uncertainties; the observed limits corresponding to the WIMP-parton
cross section obtained from the −1σtheory lines in figure 4 are shown as thin dotted lines. The
latter limits are conservative because they also include theoretical uncertainties. The ATLAS limits
for operators involving quarks are for the four light flavours assuming equal coupling strengths
for all quark flavours to the WIMPs. For comparison, 90% CL limits from the XENON100 [70],
CDMSII [71], CoGeNT [72], CDF [19], and CMS [21] experiments are shown.

scattering cross sections is done using equations (3) to (6) of ref. [32], and the results are

shown in figures 5 and 6.6 As in ref. [32] uncertainties on hadronic matrix elements are

neglected here. The spin-independent ATLAS limits in figure 5 are particularly relevant in

the low mχ region (< 10 GeV) where the XENON100 [70], CDMSII [71] or CoGeNT [72]

limits suffer from a kinematic suppression. Should DM particles couple exclusively to

gluons via D11, the collider limits would be competitive up to mχ of about 20 GeV, and

remain important over almost the full mχ range covered. The spin-dependent limits in

figure 6 are based on D8 and D9, where for D8 the M∗ limits are calculated using the D5

acceptances (as they are identical) together with D8 production cross sections. Both the

D8 and D9 cross-section limits are significantly smaller than those from direct-detection

experiments.

As in figure 4, the collider limits can be interpreted in terms of the relic abundance

6There is a typographical error in equation (5) of ref. [32] (cross sections for D8 and D9). Instead of

9.18 × 10−40cm2 the pre-factor should be 4.7× 10−39cm2.
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Going beyond mono jets and mono-photons. e.g. 

similar searches involving other SM particles: 

mono-W, mono-Z
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Searches with Mono-Leptons
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We explore the implications of the mono-lepton plus missing transverse energy signature at the
LHC, and point out its significance on understanding how dark matter interacts with quarks, where
the signature arises from dark matter pair production together with a leptonically decaying W boson
radiated from the initial state quarks. We derive limits using the existing W ′ searches at the LHC,
and find an interesting interference between the contributions from dark matter couplings to up-
type and down-type quarks. Mono-leptons can actually furnish the strongest current bound on dark
matter interactions for axial vector (spin-dependent) interactions and iso-spin violating couplings.
Should a signal of dark matter production be observed, this process can also help disentangle the
dark matter couplings to up- and down-type quarks.

PACS numbers: 12.60.-i, 95.35.+d, 14.80.-j

Introduction. Observational evidence points to the ex-
istence of some kind of cold nonbaryonic dark matter as
the dominant component of matter in the Universe [1],
and yet, from the point of view of a fundamental de-
scription, essentially nothing is known about the nature
of dark matter. Among the many possibilities, weakly in-
teracting massive particles (WIMPs) are the most cher-
ished vision for dark matter, because their abundance
in the Universe may be simply understood as a conse-
quence of the thermal history. But even in the space of
WIMP theories, there is a large set of possible interac-
tions with the ordinary particles of the Standard Model
(SM), leading to a rich program of searches for WIMPs
indirectly through their annihilation, directly scattering
with heavy nuclei, and through their production at high
energy accelerators.

If the particles mediating the WIMP interactions with
the SM are heavy compared to the momentum transfer
of interest, the ultraviolet details become unimportant,
and low energy physics is described by an effective field
theory (EFT) containing the SM, the WIMP, and con-
tact interactions coupling the two sectors [2–6]. The ef-
fective theory has proven a useful language to describe
some kinds of WIMP theories, and assess the interplay of
direct searches with those at colliders [3–9] and indirect
detection [10, 11]. A picture emerges in which the various
classes of searches exhibit a high degree of complemen-
tarity in terms of their coverage of different theories of
WIMPs.

Currently the most sensitive accelerator searches look
for mono-jets and mono-photons which recoil against a
pair of invisible WIMPs [12–15]. In general, the col-
lider searches tend to provide better coverage for spin-
dependent interactions and for low mass (! 10 GeV)
WIMPs. In this article, we explore the signature where
a “mono-W” boson is produced in association with the
WIMPs. When the W decays leptonically, this results in
a charged lepton and a neutrino, leading to events char-
acterized by a single charged lepton and missing trans-

FIG. 1: Representative Feynman diagrams for Wχχ̄ produc-
tion.

verse momentum (see Fig. 1). As we shall see below, the
existing W ′ searches already place a bound on mono-W
production which for some choices of couplings are cur-
rently the most stringent, better than existing mono-jet
bounds. Even in cases where the mono-leptons do not
provide the most stringent constraints, they are an in-
teresting mechanism to disentangle WIMP couplings to
up-type versus down-type quarks.

Effective Field Theory. We consider a theory of a
Dirac (electroweak singlet) WIMP particle χ which inter-
acts with up (u) and/or down (d) quarks through either
a vector or axial-vector interaction. The vector case is
represented by the contact interaction,

1

Λ2
χγµχ

(

uγµu+ ξ dγµd
)

, (1)

where Λ characterizes the over-all strength of the interac-
tion, ξ parameterizes the relative strength of the coupling
to down quarks relative to up-quarks, and for simplicity
we restrict our discussion to quarks of the first genera-
tion. This interaction leads to spin-independent scatter-
ing with nuclei. We also consider a spin-dependent case
with an axial vector structure,

1

Λ2
χγµγ5χ

(

uγµγ5u+ ξ dγµγ5d
)

. (2)
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FIG. 4: Mono-lepton bounds and bounds from direct detec-
tion projected into the plane of the WIMP mass and the spin-
independent cross section with protons. The red and blue
lines are from CMS 5 fb−1 data at 7 TeV and 20 fb−1 data
at 8 TeV, respectively.

higher luminosity provide better constraints. The future
data from the 14 TeV LHC is envisioned to provide po-
tentially better limits by increasing the cut on MT . Since
the current best limit from 8 TeV is around 1.2 TeV,
which is far below the 14 TeV center of mass energy, spe-
cial care should be taken to have a consistent effective
field theory description either by including the mass-on-
shell heavier particles in the productions or estimating
the uncertainties of just using the effective operators.

Mapping the bounds into the parameter space of direct
detection, in Figure 4 we show the collider limits in the
plane of the spin-independent cross section for scattering
off protons. For reference, we have also plotted the recent
bounds from Xenon 100 [19] and CDMS [20] which as-
sume ξ = 1. For ξ = 0,−1, the Xenon and CDMS limits
are rescaled from the ξ = 1 values by the order one frac-
tional proton content of the isotopes of Xenon and Ger-
manium, respectively. As is typical, collider bounds rep-
resent the best existing limits for very low WIMP masses
(mχ ! 7 GeV), where WIMPs in the galactic halo typi-
cally have too little momentum to register in conventional
direct detection experiments. For ξ = 0,−1, the mono-
lepton bounds are currently the world’s best for such low
mass WIMPs.

In Figures 5 and 6, we show the mapping of the axial
vector interaction into the space of the spin-dependent
cross section for scattering off of protons and neutrons,
respectively. For reference, spin-dependent bounds from
Xenon-100 [21], Zeplin-III [22], PICASSO [23], and SIM-
PLE [24] are also shown. In the case of spin-dependent
interactions, colliders are typically more sensitive probes
for a wide range of masses, losing sensitivity only for
large (∼ TeV) WIMP masses which are difficult to pro-
duce relativistically at LHC energies. Again, for ξ = 1
the bounds from mono-jet searches are typically provid-
ing stronger bounds than mono-leptons, but for ξ = 0 or
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FIG. 5: Mono-lepton bounds and bounds from direct detec-
tion projected into the plane of the WIMP mass and the spin-
dependent cross section with protons. The red and blue lines
are from CMS 5 fb−1 data at 7 TeV and 20 fb−1 data at 8
TeV, respectively.
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FIG. 6: Mono-lepton bounds and bounds from direct detec-
tion projected into the plane of the WIMP mass and the spin-
dependent cross section with neutrons. The red and blue lines
are from CMS 5 fb−1 data at 7 TeV and 20 fb−1 data at 8
TeV, respectively.

−1, the repurposed mono-lepton search provides some-
what stronger constraints.

Discussion and Outlook. We have examined the sig-
nal of mono-W s, decaying into mono-leptons, as a means
to study WIMP interactions with quarks at the LHC.
This signal was previously appreciated as a W ′ search,
but we show that it can also provide, in some cases, the
most sensitive probe of theories of dark matter. To eval-
uate the effectiveness of this search strategy, we have
repurposed an existing CMS search for W ′ → ℓν, and
used it to produce bounds on the interaction strength
of WIMPs with quarks for both vector and axial-vector
interactions. Compared to the mono-jet searches, the
mono-lepton searches are cleaner with smaller experi-

Simplified Model
• This is a simplified model we already 

use to interpret searches at the LHC.

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

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

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

• We can also map them into the direct/
indirect parameter spaces (and the 
other way as well!).
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Figure 7: The observed and expected 95% CL upper limits on the (a) eqeq and (b-d) egeg production
cross sections in either the meq-mec0

1
or the meg-mec0

1
plane obtained with the simplified models.

For the eqeq production the upper set of curves corresponds to the scenario when the first two
generations of squarks are degenerate and light, while the lower set corresponds to only one
light accessible squark.
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Figure 7: The observed and expected 95% CL upper limits on the (a) eqeq and (b-d) egeg production
cross sections in either the meq-mec0

1
or the meg-mec0

1
plane obtained with the simplified models.

For the eqeq production the upper set of curves corresponds to the scenario when the first two
generations of squarks are degenerate and light, while the lower set corresponds to only one
light accessible squark.
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(a)

(b)

(c)

FIG. 1: Bounds on the the coupling gDM for each of the
three simplified models with Dirac Dark Matter, from
the CMS collider bounds. (a) is the uR model, (b) the

dR model, and (c) is the qL model.

mation [12] yields,

M =
ig2

DM

M2
ũ �M2

�

1

2
(�̄�µPL�)(ū�µPRu) (8)

=
ig2

DM

M2
ũ �M2

�

1

8
[(�̄�µ�)(ū�µu)� (�̄�µ�5�)(ū�µ�5u)

+(�̄�µ�5�)(ū�µu)� (�̄�µ�)(ū�µ�5u)]

(9)

⇡ ig2
DM

M2
ũ �M2

�

1

8
[(�̄�µ�)(ū�µu)� (�̄�µ�5�)(ū�µ�5u)]

(10)

where (as discussed in, e.g. [13]) we have dropped terms
suppressed by the dark matter velocity. The two remain-
ing terms result in spin-independent and spin-dependent
scattering, respectively. In the uR model, this results in
cross sections for SI and SD scattering with a nucleon:

�uR
SI =

1

64⇡

M2
NM2

�

(MN +M�)2
g4
DM

(M2
ũ �M2

�)
2

✓
1 +

Z

A

◆2

(11)

�uR
SD =

3

64⇡

M2
NM2

�

(MN +M�)2
g4
DM

(M2
ũ �M2

�)
2
(�uN )2 (12)

where Z, A, and N = p, n specifies the nucleon of interest
and the structure functions �uN can be found, for exam-
ple, in Refs. [13, 14]. Note that this theory has di↵erent
SI cross sections for protons and neutrons.
A similar calculation for the dR and qL Dirac models

yields:
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And likewise the cross sections for Majorana DM are also
computed for each model:
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A model: Dirac DM coupling to right-handed up quark (uR model):
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FIG. 5: Bounds on gDM from neutron-WIMP
spin-dependent XENON100 Limits on Majorana Dark

Matter.

(a)
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(c)

FIG. 6: The combined lowest bounds on gDM from CMS,
XENON100, and XENON10 for Dirac Dark Matter.

This DM particle has also 
SI scat. No mass range is 
entirely ruled out but 
current limits on the 
couplings are stronger.

See also works from, P. Agrawal & 

V. Rentala: 1304.3068, H. An, L-T Wang, 

H. Zhang: 1308.0592, Y. Bai & J. Berger:

1308.0612 among others.
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