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Our Universe today - apparently consistent picture: 
from an impressive number of observations on all scales 

Large scale structureClusters (lensing)Galaxies

Clusters (lensing+X-ray) Cosmic Microwave BG

~68%  
dark energy

~32% matter
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Dark Matter is Scaffolding for Structure Formation 

Massey et al Nature 445, 286 (2007) 

Weak lensing in 2 deg HST COSMOS field provided first high fidelity DM 
map which could be compared to that of radiating baryons and stellar 
mass density in matched volumes 

Contours 
(WL derived 
DM) 
 
Red = hot 
gas (XMM) 
 
Blue (stellar 
mass) 

The dark matter puzzle

Remains fundamental: dark matter leads to 
the formation of structure and galaxies in 
our universe 

We have a standard model of CDM, from 
‘precision cosmology’ (CMB, LSS): 
however, measurement ≠ understanding 

For ~85% of matter in the universe is 
of unknown nature
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What do we know about dark matter?

So far, we mostly have “negative” information 
(constraints from astrophysics and searches for new 
particles): 

No colour charge 

No electric charge 

No strong self-interaction 

Stable, or very long-lived 

Not a particle in the Standard Model of 
particle physics

Background | Probing dark matter through gravity

N-body

[Assume something 
about dark matter, 

cosmology, and galaxy 
formation]

COLD WARM HOT

Observation
[e.g. rotation curves; lensing; 

galaxy counts etc.]

CMB Cold Warm Hot
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Hidden sector

What do we know about dark matter?
The mass and cross section range span many orders of magnitude 

Strong guidance from theorists to us experimentalists

I will mostly focus on axions and WIMPs  

μeV        meV           eV                 keV            MeV               GeV              TeV             109-1013 TeV  

	 	 	 	 	 	 Particle mass

In
te

ra
ct

io
n 

st
re

ng
th

 w
ith

 n
or

m
al

 m
at

te
r (

SM
)

neutrino

10-6 neutrino

10-12 neutrino

10-18 neutrino

gravity

WIMP 
(neutralino, 
KK photon) 

SuperWIMP

(gravitino, axino, KK 

graviton)

Axion Sterile 

neutrino

5

W
IM

PZ
IL

LA

Neutrino



Axions
Introduced by Peccei & Quinn as a solution to the strong 
CP problem: a global U(1) symmetry is spontaneously 
broken below an energy scale fa (originally the weak scale 
fa ≈ 200 GeV~ fEW) 

Weinberg & Wilczek: PQ solution implies the existence of 
a light pseudoscalar, the axion 

No axion detection so far; ‘invisible axion’ models (with 
arbitrary large fa) are still viable:

ma ' 6 · 10�6eV
1012 GeV

fa

Constraints from astrophysics, cosmology and laboratory 
searches restrict the mass of a QCD dark matter axion to:

⇠ 1µeV  ma  3meV

corresponds to the 
observed  
dark matter density

– 10–

Figure 1: Exclusion ranges as described in the text.
The dark intervals are the approximate CAST and
ADMX search ranges. Limits on coupling strengths are
translated into limits on mA and fA using z = 0.56
and the KSVZ values for the coupling strengths. The
“Laboratory” bar is a rough representation of the ex-
clusion range for standard or variant axions. The “GC
stars and white-dwarf cooling” range uses the DFSZ
model with an axion-electron coupling corresponding to
cos2 β = 1/2. The Cold Dark Matter exclusion range
is particularly uncertain. We show the benchmark case
from the misalignment mechanism.

February 21, 2013 11:25

G. Raffelt & L. Rosenberg 
PDG 2012
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Axion searches
Mostly exploit the coupling to two photons (also coupling to e-, hadrons ~ 1/fa) 

(ALPs also couple to photons, but do not satisfy the mass-coupling relation)

This coupling is extremely weak, but the axion 
decay can be accelerated through a static, 
external magnetic field (inverse Primakoff 
effect)

0.36 (DFSZ) -0.97 (KSVZ)

La�� = �g�
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FIG. 3: Summary of results, prospects, and hints in the axion/ALP parameter space. The QCD motivated models for axions
lay in the yellow diagonal band. In orange are the regions of cosmological interest. Axions in those areas may be part of the
CDM in the universe. The region between ma = 10�5 and 10�3 eV is often referred to as the “classic” CDM region. The
di↵erent colors indicate di↵erent Dark Matter scenarios (see caption of Fig. 1 in [53] for a full explanation). In the case of
ALPs, the CDM region is represented by the space below the dashed red line. The prospects of ADMX are shown in the hatched
brown region and the expectations of IAXO in the black hatched region. The astrophysical bounds from HB and massive stars
are labeled “HB” and “Cepheids” respectively. The low-mass region motivated by the transparency hints is above the dashed
gray line.
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Probing the axion-photon coupling: phenomenological and experimental perspectives.

A snowmass white paper
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We present a brief overview of the ongoing searches for the axion particle via its coupling to
photons. Both the classical QCD axions and more recently proposed Axion-Like-Particles are con-
sidered. Astrophysical bounds on the axion-photon coupling come from considerations of stellar
energy loss during Helium burning, in both low- and high-mass stars. Helioscopes look for back-
conversion of solar axions into x-ray photons in strong laboratory magnetic fields. Finally, haloscopes
aim to detect dark matter axions in our galactic halo. Both types of searches are expecting sig-
nificant advances in the future, which will enable them to probe large, well-motivated parts of the
parameter space below the stellar cooling bounds.

I. INTRODUCTION

The experimental and theoretical investigation of the
low energy frontier of particle physics [1] has progressed
considerably in the last years and new experimental pro-
posals aim at probing large regions of the unexplored pa-
rameter space for WISPs (Weakly Interacting Slim Par-
ticles) [2].

A particularly compelling case of a WISP is the ax-
ion [3, 4], a light pseudoscalar particle predicted by the
most widely accepted solution of the strong CP prob-
lem [5, 6] and the most prominent non-WIMP (Weakly
Interacting Massive Particle) dark matter candidate [7–
9].

Axions are coupled to photons through the dimension
5 operator

L = �ga�

4
aF F̃ = ga� aE ·B (1)

and have mass

(ma/1 eV) = 0.5 ⇠ g10 , (2)

where g10 = ga�/(10�10GeV�1) and, in many motivated
axion models, the dimensionless coe�cient ⇠ is of order 1.
For example, for the well-known KSVZ [10, 11] and DFSZ
[12, 13] scenarios we have |⇠| ' 0.5 and 1.4 respectively.

Light pseudoscalar particles, weakly coupled to pho-
tons as in (1), emerge naturally in various extensions of
the Standard Model (for recent reviews see [1, 2, 14]).
In recent years, a considerable attention was devoted to
the so-called Axion-Like-Particles (ALPs), which couple
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to photons as in Eq. (1) but do not satisfy the mass-
coupling relation (2).

A series of unexplained astrophysical observations may
provide additional motivation. Among these observa-
tions are the seeming transparency of the universe to very
high energy gamma rays, the observed ratio of the blue
to red Helium burning massive stars, the larger than ex-
pected white dwarf cooling rates, and the quest for dark
matter candidates.

The first of these problems concerns the propagation of
high-energy gamma rays (100 GeV or more) in the galac-
tic and extragalactic medium [15, 16]. In the standard
model, these gamma rays should be damped by pair pro-
duction on the background light, yet observations seem
to indicate the that universe is more transparent to these
photons than expected. Photon-pseudoscalar oscillations
(in the extragalactic magnetic field) would provide an el-
egant solution to this transparency problem. This mech-
anism requires a coupling in the range 0.1 . g10 . 1 and
a mass well below the value predicted by Eq. (2), point-
ing, therefore, toward more general axion-like particles
rather than the QCD axions [17, 18].

Another possible astrophysical hint comes from the ob-
servations of the numbers of blue versus red supergiants.
It has been reported that there are fewer blue stars than
predicted by stellar evolution models (see [19] and refer-
ences therein). These blue stars appear also to be less
blue than expected. To properly gauge the significance
of this e↵ect, a more complete analysis of stellar models
is required, but it is intriguing that an axion (or ALP)
with a coupling to photons in the same range as required
by the transparency problem would alleviate both issues.
It should also be mentioned that this parameter range
can be explored by the next generation axion helioscopes
(see sec. III B).

The existence of WISPs is also hinted at by the anal-
ysis of the white dwarf luminosity function and the re-
cently measured decrease of the pulsation period of ZZ-
Ceti G117-B15A [14, 20]. Observations seem to indi-
cate an anomalously large cooling rate, which can be ex-
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The ADMX experiment

Galactic axions convert into microwave photons inside a resonant 
cavity permeated by a strong magnetic field 

Noise reduction: dilution refrigerator (<100 mK) and SQUID ampl 

Search frequency range 0.5 - 2 GHz (2-8 µeV); construction & 
operation: 2015 - 2019 

ADMX-HF sister experiment: look at 4 - 6 GHz (16-24 µev)
l = 1 m, d = 0.5 m; in an 8 Tesla SC magnet

Axion haloscope: Sikivie proposal, 1983

Microwave cavity and tuning rods

First search, until 
2010

8



Weakly Interacting Massive Particles

WIMPs: in thermal equilibrium in the early Universe, freeze-out when annihilation rate drops 
below expansion rate and MWIMP > ≈ T (‘cold’) 

Their relic density can account for the dark matter if the annihilation cross section is weak (~ 
picobarn range) 

WIMPs arise ‘naturally’ in BSM-theories (neutralino, lightest Kaluza-Klein particle, etc) 

However, other models (or rather frameworks): asymmetric dark matter, WIMP-less dark 
matter, bosonic superWIMPs, sterile neutrinos, etc

��h
2 ' 3⇥ 10�27cm3s�1 1

h�Avi

n� � n�̄ ⇠ nb � nb̄

⇢�
⇢b

⇡ 5 m� ⇠ 5mp ' 5GeV

Example asymmetric DM: dark matter density is set by an asymmetry connected to baryon asymmetry

=)

⌦�h
2 = ⌦cdmh

2 ' 0.1143 ) h�vi ' 3⇥ 10�26cm3s�1

G.Steigman & M.S.Turner, 1985

9



How can we detect a WIMP?

Direct detection 

nuclear recoils from elastic scattering 

dependance on A, J; annual modulation, 
directionality 

local density and v-distribution 

Indirect detection 

high-energy neutrinos, gammas, charged CRs 

look at over-dense regions in the sky 

astrophysics backgrounds difficult 

Accelerator searches 

missing ET, mono-‘objects’, simplified models 

can it establish that the new particle is the DM?

χ χ
direct

pr
od

uc
tio

n indirect

SM states SM states

DM-SM 
mediators

10

q  10sMeV
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How to directly detect WIMPs in the 
laboratory?

By searching for collisions of invisibles 
particles with atomic nuclei => Evis  (q ~ 
tens of MeV) 

Need very low energy thresholds 

Need ultra-low backgrounds, good 
background understanding (no “beam 
off” data collection mode) and 
discrimination 

Need large detector masses

Evis
N

N

X X v/c ~0.75 x 10-3

11
M. Goodman & E. Witten,  1985

ER =
q2

2mN
< 30 keV



What do we expect in a detector?

Particle/nuclear physicsAstrophysics Detector physics

ER

dR
/d

E R

higher 

WIMP mass

lower WIMP mass

v [km/s]
2000 600

f(v)
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⇢0, f(v) mW , d�/dER NN , Eth

dR

dER
= NN

⇢0
mW

Z v
max

p
(m

N

E
th

)/(2µ2)
dvf(v)v

d�

dER



Astrophysics

=> WIMP flux on Earth: ~105 cm-2s-1 (MW=100 GeV, for 0.3 GeV/cm3)

From cosmological simulations of (DM only) 
galaxy formation: departures from the simplest 
case of a Maxwell-Boltzmann distribution

Velocity distribution of WIMPs in the galaxy

Survey by J. Read, J.Phys. G41 (2014) 063101 
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Local DM velocity PDF Vogelsberger et al. 2009

800 M. Vogelsberger et al.

the short dynamical time at the solar radius (about 1 per cent of
the Hubble time). This results in very efficient mixing of unbound
material and the stripping of all initially bound objects to a small
fraction of the maximum mass they may have had in the past (see
Vogelsberger et al. 2008, for a discussion of these processes). Note
that the actual density of DM in the solar neighbourhood and the
shape of the equidensity surfaces of the Milky Way’s DM distri-
bution will depend on how the gravitational effects of the baryonic
components have modified structure during the system’s formation.
Unfortunately, the shape of the inner DM halo of the Milky Way
is poorly constrained observationally (Helmi 2004; Law, Johnston
& Majewski 2005). The dissipative contraction of the visible com-
ponents probably increased the density of the DM component and
made it more axisymmetric (e.g. Gnedin et al. 2004; Kazantzidis
et al. 2004) but these processes are unlikely to affect the level of
small-scale structure. The very smooth behaviour we find in our
pure DM haloes should apply also to the more complex real Milky
Way.

4 V E L O C I T Y D I S T R I BU T I O N S

The velocity distribution of DM particles near the Sun is also an
important factor influencing the signal expected in direct detection
experiments. As mentioned in the Introduction, most previous work
has assumed this distribution to be smooth, and either Maxwellian
or multivariate Gaussian. Very different distributions are possible
in principle. For example, if the local density distribution is a su-
perposition of a relatively small number of DM streams, the local
velocity distribution would be effectively discrete with all particles
in a given stream sharing the same velocity (Sikivie, Tkachev &
Wang 1995; Stiff, Widrow & Frieman 2001; Stiff & Widrow 2003).
Clearly, it is important to understand whether such a distribution
is indeed expected, and whether a significant fraction of the local
mass density could be part of any individual stream.

We address this issue by dividing the inner regions of each of our
haloes into cubic boxes 2 kpc on a side, and focusing on those boxes
centred between 7 < r < 9 kpc from halo centre. In Aq-A-1, each
2 kpc box contains 104 to 105 particles, while in the level-2 haloes
they contain an order of magnitude fewer. For every box, we cal-
culate a velocity dispersion tensor and study the distribution of the
velocity components along its principal axes. In almost all boxes,
these axes are closely aligned with those the ellipsoidal equidensity
contours discussed in the last section. We also study the distribution
of the modulus of the velocity vector within each box. The upper
four panels of Fig. 2 show these distributions of a typical 2 kpc
box at the solar circle in Aq-A-1 (solid red lines). Here, and in the
following plots, we normalize distributions to have unit integral.
The black dashed lines in each panel show a multivariate Gaussian
distribution with the same mean and dispersion along each of the
principal axes. The difference between the two distributions in each
panel is plotted separately just above it. This particular box is quite
typical, in that we almost always find the velocity distribution to
be significantly anisotropic, with a major axis velocity distribution
which is platykurtic, and distributions of the other two components
which are leptokurtic. Thus, the velocity distribution differs signifi-
cantly from Maxwellian, or even from a multivariate Gaussian. The
individual velocity components have very smooth distributions with
no sign of spikes due to individual streams. This also is a feature
which is common to almost all our 2 kpc boxes. It is thus surprising
that the distribution of the velocity modulus shows clear features
in the form of bumps and dips with amplitudes of several tens of
per cent.
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Figure 2. Top four panels: velocity distributions in a 2 kpc box at the
solar circle for halo Aq-A-1. v1, v2 and v3 are the velocity components
parallel to the major, intermediate and minor axes of the velocity ellipsoid;
v is the modulus of the velocity vector. Red lines show the histograms
measured directly from the simulation, while black dashed lines show a
multivariate Gaussian model fit to the individual component distributions.
Residuals from this model are shown in the upper part of each panel. The
major axis velocity distribution is clearly platykurtic, whereas the other
two distributions are leptokurtic. All three are very smooth, showing no
evidence for spikes due to individual streams. In contrast, the distribution
of the velocity modulus, shown in the upper left-hand panel, shows broad
bumps and dips with amplitudes of up to 10 per cent of the distribution
maximum. Lower panel: velocity modulus distributions for all 2 kpc boxes
centred between 7 and 9 kpc from the centre of Aq-A-1. At each velocity,
a thick red line gives the median of all the measured distributions, while a
dashed black line gives the median of all the fitted multivariate Gaussians.
The dark and light blue contours enclose 68 and 95 per cent of all the
measured distributions at each velocity. The bumps seen in the distribution
for a single box are clearly present with similar amplitude in all boxes, and
so also in the median curve. The bin size is 5 km s−1 in all plots.

C⃝ 2009 The Authors. Journal compilation C⃝ 2009 RAS, MNRAS 395, 797–811

Maxwellian

Median

68%; 95%

Aq-A-1

Dark matter only (DMO) simulations

Local density (at R0 ~ 8 kpc) 

local measures use the vertical kinematics of stars near 
the Sun as ‘tracers’ (smaller error bars, but stronger 
assumptions about the halo shape) 

global measures extrapolate the density from the 
rotation curve (larger errors, but fewer assumptions) 

also, modelling the phase space distribution over 
larger volumes around the solar neighbourhood 

⇢(R0) = 0.2� 0.56GeV cm�3 = 0.005� 0.015M� pc�3

⇢(R0) = 0.3± 0.1GeV cm�3 = 0.008± 0.003M�pc
�3

J. Bovy, S. Tremaine, APJ 756, 2012



Particle physics: scattering cross section

�0 ⇠ 10�39 cm2 �0 ⇠ 10�45 cm2

N N

h

�

�

N N

Z0

� �

EFT approach  
(always valid for direct 
detection)

�

N
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Use effective operators to describe WIMP-quark interactions 

Example: vector mediator 

The effective operator arises from integrating out the mediator with 
mass M and couplings gq and qX to the quark and WIMP: 

�

N

Le↵
� =

1

⇤2
�̄�µ�q̄�

µq

⇤ =
M

p
gqg�

) �
tot

/ ⇤�4



Scattering cross section
Interactions leading to WIMP-nuclei scattering are parameterized as: 

scalar interactions (coupling to nuclear mass, from scalar, vector, tensor part of L) 

spin-spin interactions (coupling to the nuclear spin JN, from axial-vector part of L)

fp, fn: scalar 4-fermion 
couplings to p and n

ap, an: effective couplings to p and n 
〈Sp〉and〈Sn〉expectation values of the 
p and n spins within the nucleus

�SI ⇠ µ2

m2
�

[Zfp + (A� Z)fn]
2

�SD ⇠ µ2 JN + 1

JN
(aphSpi+ anhSni)2
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=> nuclei with large A - but nuclear form factor corrections

=> nuclei with non-zero angular momentum -  
corrections due to spin structure functions

A=130

and 127I, we have performed calculations in the largest
spaces to date and with tested interactions. For 129;131Xe,
the comparison to previous results is discussed in detail
in Ref. [15]. For the dominant hSni values for 129;131Xe,
and the dominant hSpi value for 127I, the difference to
previous calculations of Refs. [13,20,22,23] is about 25%
(and 55% for 131Xe). We attribute these differences to the
sizable truncations of the valence spaces in those calcu-
lations and because the interactions used have not been
as well tested.

C. Structure factors

1. Isoscalar/isovector versus proton/neutron

The structure factor SAðpÞ can be decomposed in terms
of its isoscalar and isovector parts SijðpÞ, characterized by
the isoscalar and isovector couplings a0 and a1:

SAðpÞ ¼ a20S00ðpÞ þ a0a1S01ðpÞ þ a21S11ðpÞ: (32)

However, it is common in the literature to use the struc-
ture factors SpðpÞ and SnðpÞ, which are referred to as
‘‘proton-only’’ and ‘‘neutron-only,’’ respectively. They
are defined by the couplings a0 ¼ a1 ¼ 1 (‘‘proton-
only’’) and a0 ¼ %a1 ¼ 1 (‘‘neutron-only’’) and are thus
related to the isoscalar and isovector structure factors by

SpðpÞ ¼ S00ðpÞ þ S01ðpÞ þ S11ðpÞ; (33)

SnðpÞ ¼ S00ðpÞ % S01ðpÞ þ S11ðpÞ: (34)

The origin of the ‘‘proton/neutron-only’’ structure factors
can be understood from Eq. (31). When 2b currents are
neglected, at p ¼ 0 the ‘‘proton/neutron-only’’ structure
factors are determined entirely by the proton/neutron spin
expectation values. Moreover, when the higher-order iso-
vector parts in 1b currents are neglected, this separation
also holds for p > 0. Because for odd-mass nuclei there is
a clear hierarchy of the spin expectation values (with either
jhSnij & jhSpij or jhSpij & jhSnij), the proton/neutron
decomposition is useful to capture the dominant parts of
SAðpÞ. For this reason, and because it is common experi-
mentally, we will also largely consider the proton/neutron
decomposition here. This is merely a convenient choice of
a0, a1 couplings, but the notation ‘‘proton/neutron-only’’ is
misleading, because it does not imply that the coupling is
to protons/neutrons only. Strong interactions between nu-
cleons in 2b currents, as well as the isovector nature of
pseudoscalar and other Q2 1b currents, mean that WIMPs
effectively couple to protons and neutrons in nuclei. In fact,
with 2b currents, both SpðpÞ and SnðpÞ are determined by
the spin distribution of the odd species.

In the following, we present structure factors as a
function of u ¼ p2b2=2 with harmonic-oscillator length
b ¼ ðℏ=m!Þ1=2 and ℏ! ¼ ð45A%1=3 % 25A%2=3Þ MeV.
When 2b currents are included, we provide theoretical error

bands due to the uncertainties in WIMP currents in nuclei;
see Table II. This takes into account the uncertainties in
the low-energy couplings c3, c4 and in the density range
! ¼ 0:10 . . . 0:12 fm%3.
For 129Xe and 131Xe the predicted isoscalar/isovector

structure factors S00ðuÞ, S01ðuÞ, and S11ðuÞ were discus-
sed in detail in Ref. [15], and they were compared to the
previous calculations of Refs. [20,23] (see also Sec. IVB).
Here, we present in Fig. 6 the proton/neutron structure
factors SpðuÞ. At the 1b current level, the results at

p ¼ 0 are determined by the spin expectation values.
Chiral 2b currents provide important contributions to the
structure factors, especially for p & 100 MeV, where we
find in Fig. 6 a significant increase of SpðuÞ. This is because
with 2b currents, neutrons can contribute to the ‘‘proton-
only’’ (a0 ¼ a1 ¼ 1) coupling due to the axial "a1ðpÞ
contribution in Eq. (31). For SnðuÞ, 2b currents lead to a
small reduction in the structure factor, depending on the
momentum transfer. This is caused by the combined
effect of the axial "a1ðpÞ and the pseudoscalar "aP1 ðpÞ
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FIG. 6 (color online). Structure factors SpðuÞ (solid lines) and
SnðuÞ (dashed) for 129Xe (top panel) and 131Xe (bottom panel) as
a function of u ¼ p2b2=2. The harmonic-oscillator lengths are
b ¼ 2:2853 fm and b ¼ 2:2905 fm for 129Xe and 131Xe, respec-
tively. Results are shown at the 1b current level, and also include
2b currents. The estimated theoretical uncertainty is given by the
red [SpðuÞ] and blue [SnðuÞ] bands.
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Expected Interaction Rates
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June

December

galactic planeCygnus

WIMP wind

v≈220 km/s

Rate and shape of recoil spectrum depend on target material 
Motion of the Earth causes 

temporal variation in the rate: June - December rate asymmetry ~ 2-10 % 
direction modulation asymmetry: ~ 20-100% in forward-backward event rate

Dark matter signatures
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Cosmic rays; cosmic activation of detector materials at the 
Earth’s surface 
Natural (238U, 232Th, 222Rn, 40K) radioactivity 
Anthropogenic (85Kr, 137Cs, etc) radioactivity 
Ultimately: solar, atmospheric and supernovae neutrinos

Backgrounds
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Cosmic rays: operate 
deep underground
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FIG. 1: Left: Relevant neutrino fluxes to the background of direct dark matter detection experiments: Solar, atmospheric, and
di↵use supernovae [22–24]. Right: Neutrino background event rates for a germanium based detector. The black dashed line
corresponds to the sum of the neutrino induced nuclear recoil event rates. Also shown is the similarity between the event rate
from a 6 GeV/c2 WIMP with a SI cross section on the nucleon of 4.4⇥ 10�45 cm2 (black solid line) and the 8B neutrino event
rate.
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⌫

corresponds to the neutrino flux. As it has
been shown in Ref. [17], the neutrino-nucleon elastic
interaction is theoretically well-understood within the
Standard Model, and leads to a coherence e↵ect imply-
ing a neutrino-nucleus cross section that approximately
scales as the atomic number (A) squared when the mo-
mentum transfer is below a few keV. At tree level, the
neutrino-nucleon elastic scattering is a neutral current
interaction that proceeds via the exchange of a Z boson.
The resulting di↵erential neutrino-nucleus cross section
as a function of the recoil energy and the neutrino en-
ergy is given by [18]:
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where m
N

is the nucleus mass, G
f

is the Fermi coupling
constant and Q

!

= N � (1 � 4 sin2 ✓
!

)Z is the weak
nuclear hypercharge with N the number of neutrons, Z
the number of protons, and ✓

!

the weak mixing angle.
The presence of the form factors describes the loss of
coherence at higher momentum transfer and is assumed
to be the same as for the WIMP-nucleus SI scattering.
Interestingly, as the CNS interaction only proceeds
through a neutral current, it is equally sensitive to all
active neutrino flavors.

In Fig. 1 (left panel), we present all the neutrino fluxes
that will induce relevant backgrounds to dark matter
detection searches. The di↵erent neutrino sources con-
sidered in this study are the sun, which generates high
fluxes of low energy neutrinos following the pp-chain [19]

and the possible CNO cycle [20, 21], di↵use supernovae
(DSNB) [22] and the interaction of cosmic rays with the
atmosphere [23] which induces low fluxes of high energy
neutrinos. As a summary of the neutrino sources used
in the following, we present in Table II the di↵erent
properties of the relevant neutrino families such as: the
maximal neutrino energy, the maximum recoil energy for
a Ge target nucleus and the overall flux normalization
and uncertainty. In order to most directly compare to
the analysis of Ref. [10], we use the standard solar model
BS05(OP) and the predictions on the atmospheric and
the DSNB neutrino fluxes from [23] and [22] respectively.

The di↵erent neutrino event rates are shown in Fig. 1
(right panel) for a Ge target. We can first notice that
the highest event rates are due to the solar neutrinos
and correspond to recoil energies below 6 keV. Indeed,
the 8B and hep neutrinos dominate the total neutrino
event rate for recoil energies between 0.1 and 8 keV
and above these energies, the dominant component is
the atmospheric neutrinos. Also shown, as a black solid
line, is the event rate from a 6 GeV/c2 WIMP with
a SI cross section on the nucleon of 4.4 ⇥ 10�45 cm2.
We can already notice that for this particular set of
parameters (m

�

,�SI), the WIMP event rate is very
similar to the one induced by the 8B neutrinos. As
discussed in the next section, this similarity will lead
to a strongly reduced discrimination power between
the WIMP and the neutrino hypotheses and therefore
dramatically a↵ect the discovery potential of upcoming
direct detection experiments.

Note that in this study we do not consider neutrino-
electron scattering, even though it is predicted to pro-
vide a substantial signal in future dark matter detectors.

pp
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Direct Dark Matter Detection Zoo
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A brief history of direct detection limits

About a factor of 10 increase in sensitivity every ~2 years 

Can we keep this rate of progress?

LB, Physics of the Dark Universe 4,  2014
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The WIMP landscape in 2014
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case, however, the exposure required to get 100 neutrino
background events is 2,150 ton-years. Given these expo-
sure numbers, it is likely that at high masses, in
the absence of a WIMP signal at higher cross sections,
discovery limits much below 10−48 cm2 will become
impractical due to the large exposures required even in
the Poisson-dominated regime.
As a final calculation, we have mapped out the WIMP

discovery limit across the 500 MeV=c2 to 10 TeV=c2,
shown in Fig. 12 (right). To cover this large WIMP mass
range, we combined the discovery limits of two Xe-based
pseudoexperiments with a threshold of 3 eV and 4 keV. To
ensure we are well into the systematics limited regime,
exposures were increased to obtain 500 neutrino events.
This line thus represents a hard lower discovery limit for
dark matter experiments. Interestingly, we can denote three
distinct features in the discovery limits coming from the
combination of 7Be and CNO neutrinos, 8B and hep
neutrinos and atmospheric neutrinos at WIMP masses of
0.5, 6, and above 100 GeV=c2 respectively. Also shown are
the current exclusion limits and regions of interest from
several experimental groups. If the potential WIMP signals
around 10 GeV=c2 are shown not to be from WIMPs, the
remaining available parameter space for WIMP discovery
is bounded at the top by the LUX Collaboration and at the
bottom by the neutrino background. Progress below this
line would require very large exposures, lower systematic

errors on the neutrino flux, detection of annual modulation,
and/or large directional detection experiments.

VII. CONCLUSION

We have examined the limitations on the discovery
potential of WIMPs in direct detection experiments due
to the neutrino backgrounds from the Sun, atmosphere,
and supernovae. We have specifically focused on experi-
ments that are only sensitive to energy deposition from
WIMPs. We have determined the minimum detectable
spin-independent cross section as a function of WIMP
mass over a wide range of masses from 500 GeV=c2 to
10 TeV=c2 that could lead to a significant dark matter
detection. WIMP-nucleon cross sections of ∼10−45 and
∼10−49 cm2 are the maximal sensitivity to light and heavy
WIMP dark matter respectively that direct detection
searches without directional sensitivity could reach,
given the uncertainties on the neutrino fluxes. This limit
is roughly about 3 to 4 orders of magnitude below the
most recent experimental constraints. In the case of light
WIMPs (about 6 GeV=c2) next generation experiments
might already reach the saturation regime with about
100 neutrino background events. For heavier WIMPs
(above 20 GeV=c2) we have shown that progress below
10−48 cm2 will be strongly limited by the very large
increases in exposure required for decreasing gains in
discovery reach.

FIG. 12 (color online). Left: Neutrino isoevent contour lines (long dash orange) compared with current limits and regions of interest.
The contours delineate regions in the WIMP-nulceon cross section vs WIMP mass plane which for which dark matter experiments will
see neutrino events (see Sec. III D). Right: WIMP discovery limit (thick dashed orange) compared with current limits and regions of
interest. The dominant neutrino components for different WIMP mass regions are labeled. Progress beyond this line would require a
combination of better knowledge of the neutrino background, annual modulation, and/or directional detection. We show 90%
confidence exclusion limits from DAMIC [46] (light blue), SIMPLE [47] (purple), COUPP [48] (teal), ZEPLIN-III [49] (blue),
EDELWEISS standard [50] and low threshold [51] (orange), CDMS II Ge standard [52], low threshold [53] and CDMSlite [54] (red),
XENON10 S2 only [55] and XENON100 [2] (dark green), and LUX [56] (light green). The filled regions identify possible signal
regions associated with data from CDMS-II Si [1] (light blue, 90% C.L.), CoGeNT [57] (yellow, 90% C.L.), DAMA/LIBRA [58] (tan,
99.7% C.L.), and CRESST [59] (pink, 95.45% C.L.) experiments. The light green shaded region is the parameter space excluded by the
LUX Collaboration.
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EDELWEISS standard [50] and low threshold [51] (orange), CDMS II Ge standard [52], low threshold [53] and CDMSlite [54] (red),
XENON10 S2 only [55] and XENON100 [2] (dark green), and LUX [56] (light green). The filled regions identify possible signal
regions associated with data from CDMS-II Si [1] (light blue, 90% C.L.), CoGeNT [57] (yellow, 90% C.L.), DAMA/LIBRA [58] (tan,
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Low-mass region: heavily constrained by CDMS-Ge, 
XENON10, XENON100, LUX, EDELWEISS, CRESST, 
CoGeNT, PandaX, CDEX,…
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FIG. 3. Small gray dots are all veto-anticoincident single-
scatter events within the ionization-partition fiducial volume
that pass the data-quality selection criteria. Large encircled
shapes are the 11 candidate events. Overlapping shaded re-
gions (from light to dark) are the 95% confidence contours ex-
pected for 5, 7, 10 and 15 GeV/c2 WIMPs, after application
of all selection criteria. The three highest-energy events occur
on detector T5Z3, which has a shorted ionization guard. The
band of events above the expected signal contours corresponds
to bulk electron recoils, including the 1.3 keV activation line
at a total phonon energy of ⇠3 keV. High-radius events near
the detector sidewalls form the wide band of events with near-
zero ionization energy. For illustrative purposes, an approxi-
mate nuclear-recoil energy scale is provided.

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.

The SuperCDMS collaboration gratefully acknowl-
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sources. The iZIP detectors were fabricated in the Stan-
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Fermilab is operated by the Fermi Research Alliance,
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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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FIG. 4: The 90% confidence level upper limit of spin-
independent �N coupling derived from this work, superim-
posed with the results from other benchmark experiments [2–
5, 7, 9, 10, 14].

and 60Co spectra of Figure 2a. The L-shell X-ray lines
are predicted by the higher energy K-shell peaks. Both
background are subtracted from the ("BS,�BS)-corrected
AC�⌦B0 spectrum as shown in Figure 3b. A minimum-
�2 analysis with two free but positive definite parameters
is applied to the residual spectrum, characterizing the
flat ambient �-background and the possible �-N spin-
independent cross-section (�SI

�N), respectively. Conven-
tional astrophysical models [1] are adopted to describe
WIMP-induced interactions, using the local WIMP den-
sity of 0.3 GeV/cm3 and Maxwellian velocity distri-
bution with v0=220 km/s and the galactic escape ve-
locity of vesc=544 km/s. The quenching function in
Ge is derived with the TRIM software which matches
well with measurement over a large energy range [22].
As illustration, the best-fit spectrum and the two-RMS
band at m� = 8 GeV is depicted in Figure 3b, where
�SI
�N = (-1.1±5.9) x10�42 cm2 at �2/dof=10.48/16 (p-

value = 0.84). This indicates that all measured events
are due to background channels where are quantitatively
understood.
Exclusion plot of �SI

�N versus m� at 90% confidence
level is displayed in Figure 4. The bounds from other
benchmark experiments are superimposed [3, 7, 9, 10].
An order of magnitude improvement over our previous
results [14] is achieved. Part of the light WIMP ranges
within 6 and 20 GeV implied by earlier experiments are
probed and rejected. In particular, the CoGeNT-2013 al-
lowed region is excluded with an identical detector tech-
nique in which all measured background are quantita-
tively accounted for and there are no residual excess
events.

The CDEX-1 experiment continues to accumulate data
at CJPL. Research programs are pursued to further re-
duce the physics threshold via hardware and software
e↵orts. Time modulation of the data will be studied. A
PCGe array of 10 kg target mass range enclosed in an
active liquid argon anti-Compton detector is being con-
structed. Feasibility studies towards scale-up to ton-scale
experiment [19] are being pursued.
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!   The NULL result is only excluded at 1.9 σ  
!   This method can provide better sensitivity to WIMPs when backgrounds 

cannot be avoided,  particularly if the background distributions are well 
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Example: a CDMS-Si like signal in Xe detectors

Assumption:  
mW = 8.6 GeV and WIMP-nucleon cross section of 1.9 x 10-41 cm2 

XENON100 Run10, PRL 111 
expect: ~ 220 events 

LUX Dark Matter Experiment / Sanford Lab Rick Gaitskell (Brown)

LUX WIMP Search, 85 live-days, 118 kg
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Keep common sense about ‘anomalies’ 
Some good things: 
	 push to understand detectors in regimes we did not anticipate 
	 push to make data public 
	 new techniques to relate classes of experiments (‘halo-independent’ limits)

3

FIG. 2. Ionization yield versus recoil energy in all detectors
included in this analysis for events passing all signal criteria
except (top) and including (bottom) the phonon timing crite-
rion. The curved black lines indicate the signal region (-1.8�
and +1.2� from the mean nuclear recoil yield) between 7 and
100 keV recoil energies for detector 3 in Tower 4, while the
gray band shows the range of charge thresholds across de-
tectors. Electron recoils in the detector bulk have yield near
unity. The data are colored to indicate recoil energy ranges
(dark to light) of 7–20, 20–30, and 30–100 keV to aid the
interpretation of Fig. 3.

of data taking (⇠24 hours ).
In yield, events were required to be within +1.2� and

�1.8� from the mean of the nuclear recoil yield. Can-
didate events were also required to have phonon pulse
timing consistent with a nuclear recoil. In order to take
advantage of the fact that the timing parameters are
better measured at high energies, the phonon timing
data-selection cut was optimized in three energy bins:
7–20 keV, 20–30 keV, and 30–100 keV [23]. Fig. 1 shows
the nuclear-recoil e�ciency i.e., the estimated fraction of
nuclear recoils at a given energy that would be accepted
by these signal criteria, measured using nuclear recoils
from 252Cf calibration. The abrupt changes in e�ciency
are due to the di↵erent detector thresholds and changes
to the timing cuts in the three energy bins. Signal ac-
ceptance was measured using nuclear recoils from 252Cf
calibration. After applying all selection criteria, the ex-
posure of this analysis is equivalent to 23.4 kg-days over
a recoil energy range of 7–100 keV for a WIMP of mass
10 GeV/c2.

Neutrons from cosmogenic or radioactive processes
can produce nuclear recoils that are indistinguishable
from those from an incident WIMP. Simulations of the
rates and energy distributions of these processes using
GEANT4 [24] lead us to expect < 0.13 false candidate
events (90% confidence level) in the Si detectors from
neutrons for this exposure with all e�ciencies included.

A greater source of background is the misidentifica-
tion of surface electron recoils, which may su↵er from re-
duced ionization yield and thus contribute events to the
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FIG. 3. Normalized ionization yield (standard deviations
from the nuclear recoil band centroid) versus normalized
phonon timing parameter (normalized such that the median
of the surface event calibration sample is at -1 and the cut
position is at 0) for events in all detectors from the WIMP-
search data set passing all other selection criteria. The black
box indicates the WIMP candidate selection region. The data
are colored to indicate recoil energy ranges (dark to light) of
7–20, 20–30, and 30–100 keV. The thin red curves on the bot-
tom and right axes are the histograms of the data, while the
thicker green curves are the histograms of nuclear recoils from
252Cf calibration data; both are normalized to have the same
arbitrary peak value.

WIMP-candidate region; these events are termed “leak-
age events”. Prior to looking at the WIMP-candidate
region (unblinding), the expected leakage was estimated
using the rate of single scatter events with yields consis-
tent with nuclear recoils from a previously unblinded Si
dataset [25] and the rejection performance of the timing
cut measured on low-yield multiple-scatter events from
133Ba calibration data. Two detectors used in this anal-
ysis were located at the end of detector stacks, so scatters
on their outer faces could not be tagged as multiple scat-
ters. The rate of surface events on the outer faces of these
two detectors were estimated using their single-scatter
rates from a previously unblinded dataset presented in
[25] and the multiples-singles ratio on the interior de-
tectors. The final pre-unblinding estimate for misidenti-
fied surface electron-recoil event leakage into the signal
band in the eight Si detectors was 0.47+0.28

�0.17(stat.) events.
This initial leakage estimate informed the decision to un-
blind. After unblinding, we developed a Bayesian es-
timate of the rate of misidentified surface events based
upon the performance of the phonon timing cut mea-
sured using events near the WIMP-search signal region
[21, 25]. Multiple-scatter events below the electron-recoil
ionization-yield region from both 133Ba calibration and
the WIMP-search data were used as inputs to this model.
Because the WIMP-search sample is sparser compared
to the calibration data, the combined estimates are more
heavily weighted towards the calibration data leakage es-
timates. Additionally the leakage estimate is corrected

CDMS-Si 
3 events observed  
<1 expected (known BGs)
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DAMA/LIBRA annual modulation signal

The DAMA/LIBRA signal remains robust and generally consistent with a dark matter interpretation 
(period = 1 year, phase = June 2 ± 7 days) 

DM-Ice at the South Pole: only experiment in the southern hemisphere, where seasonal variation 
different from DM modulation (IceCube provides muon monitoring); other: KIMS, ANAIS, SABRE

Definitive (5σ) detection or exclusion with 500 kg-yr NaI(Tl) 
(DAMA x 2 yrs)  and same or lower threshold (< 2 keVee)

DM-Ice: 500 kg yr

1, 2 and 5 ev/(kg keV yr)

R. Bernabei et al, EPJ-C67 (2010)

24

2-4 keV

Amplitude of the modulation: ~ 0.018 counts day-1 kg-1 keV-1

DAMA/LIBRA NaI > 9 sigma



How to probe the WIMP landscape?

25

accessibletonextgenerationexperiments.Forthe100 GeV=c2

case, however, the exposure required to get 100 neutrino
background events is 2,150 ton-years. Given these expo-
sure numbers, it is likely that at high masses, in
the absence of a WIMP signal at higher cross sections,
discovery limits much below 10−48 cm2 will become
impractical due to the large exposures required even in
the Poisson-dominated regime.
As a final calculation, we have mapped out the WIMP

discovery limit across the 500 MeV=c2 to 10 TeV=c2,
shown in Fig. 12 (right). To cover this large WIMP mass
range, we combined the discovery limits of two Xe-based
pseudoexperiments with a threshold of 3 eV and 4 keV. To
ensure we are well into the systematics limited regime,
exposures were increased to obtain 500 neutrino events.
This line thus represents a hard lower discovery limit for
dark matter experiments. Interestingly, we can denote three
distinct features in the discovery limits coming from the
combination of 7Be and CNO neutrinos, 8B and hep
neutrinos and atmospheric neutrinos at WIMP masses of
0.5, 6, and above 100 GeV=c2 respectively. Also shown are
the current exclusion limits and regions of interest from
several experimental groups. If the potential WIMP signals
around 10 GeV=c2 are shown not to be from WIMPs, the
remaining available parameter space for WIMP discovery
is bounded at the top by the LUX Collaboration and at the
bottom by the neutrino background. Progress below this
line would require very large exposures, lower systematic

errors on the neutrino flux, detection of annual modulation,
and/or large directional detection experiments.

VII. CONCLUSION

We have examined the limitations on the discovery
potential of WIMPs in direct detection experiments due
to the neutrino backgrounds from the Sun, atmosphere,
and supernovae. We have specifically focused on experi-
ments that are only sensitive to energy deposition from
WIMPs. We have determined the minimum detectable
spin-independent cross section as a function of WIMP
mass over a wide range of masses from 500 GeV=c2 to
10 TeV=c2 that could lead to a significant dark matter
detection. WIMP-nucleon cross sections of ∼10−45 and
∼10−49 cm2 are the maximal sensitivity to light and heavy
WIMP dark matter respectively that direct detection
searches without directional sensitivity could reach,
given the uncertainties on the neutrino fluxes. This limit
is roughly about 3 to 4 orders of magnitude below the
most recent experimental constraints. In the case of light
WIMPs (about 6 GeV=c2) next generation experiments
might already reach the saturation regime with about
100 neutrino background events. For heavier WIMPs
(above 20 GeV=c2) we have shown that progress below
10−48 cm2 will be strongly limited by the very large
increases in exposure required for decreasing gains in
discovery reach.

FIG. 12 (color online). Left: Neutrino isoevent contour lines (long dash orange) compared with current limits and regions of interest.
The contours delineate regions in the WIMP-nulceon cross section vs WIMP mass plane which for which dark matter experiments will
see neutrino events (see Sec. III D). Right: WIMP discovery limit (thick dashed orange) compared with current limits and regions of
interest. The dominant neutrino components for different WIMP mass regions are labeled. Progress beyond this line would require a
combination of better knowledge of the neutrino background, annual modulation, and/or directional detection. We show 90%
confidence exclusion limits from DAMIC [46] (light blue), SIMPLE [47] (purple), COUPP [48] (teal), ZEPLIN-III [49] (blue),
EDELWEISS standard [50] and low threshold [51] (orange), CDMS II Ge standard [52], low threshold [53] and CDMSlite [54] (red),
XENON10 S2 only [55] and XENON100 [2] (dark green), and LUX [56] (light green). The filled regions identify possible signal
regions associated with data from CDMS-II Si [1] (light blue, 90% C.L.), CoGeNT [57] (yellow, 90% C.L.), DAMA/LIBRA [58] (tan,
99.7% C.L.), and CRESST [59] (pink, 95.45% C.L.) experiments. The light green shaded region is the parameter space excluded by the
LUX Collaboration.
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WIMPs (about 6 GeV=c2) next generation experiments
might already reach the saturation regime with about
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increases in exposure required for decreasing gains in
discovery reach.
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χχ

T0

T-sensor

Absorber 
C(T)

ERG(T)

Cryogenic Experiments at T~ mK
Absorber masses from ~ 100 g to 1400 g; TES to read out small T-changes

EDW II - Run 13EDW II - Run 13

! 3rd July: 4)800 g FID detectors installed at LSM

! 2 NTD heat sensors, 6 electrodes

! 218 ultrasonics bondings / detector

EDELWEISS Ge 
Enectali Figueroa-Feliciano - Dark Attack 2012

Science Reach for SNOLAB
>50X better sensitivity than 10-kg phase, with 

demonstrated control over backgrounds

• Goal: σSI < 10-46 cm2       
@ 60 GeV/c2

• ~200 kg, all Ge, in a phased 
deployment

• iZIP design, w/ bigger 
detectors (1.38 kg) to 
reduce fab costs

• At the same time, upgrade 
experimental infrastructure

10cm x 3.8cm, 1.4 kg
SNOLAB prototype iZIP

Significant R&D funds in 2012, aiming for construction start in 2014 26

SuperCDMS: Ge, Si
 EDELWEISS-III (Ge)


Collaboration between SuperCDMS and 
EURECA (CRESST + EDELWEISS) at 
SNOLAB, at the ~100 kg target level 

Data taking: start in 2018

CRESST (CaWO3)


• 133Ba

•  252Cf

Background-like

Signal-like
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+HV

Double phase (TPC)
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Noble liquid time projection chambers

Also, single-phase detectors (XMASS, DEAP, CLEAN)

WIMP target masses between ~ 50 kg - 1 ton


Under construction: XENON1T (3t LXe), data in 2015; 
proposed: LZ (7t LXe), XENONnT (7t LXe), XMASS (5t LXe), 
DarkSide (5t LAr)


R&D and design: DARWIN (20 t LXe and/or 50 t LAr) 
(darwin.physik.uzh.ch)


LXe: XENON100 LXe: LUX LAr: DarkSide

178 nm

Lukas Epprecht June 11th 2011

LAr-TPCs: Scale up

33

3l Setup 
@ CERN

(R&D charge 
readout)

P32 @ JParc

(~0.4 t LAr; 
Pi-K test 
beam)

3l Setup @ CERN
(R&D charge readout)

ArDM @ CERN 
--> LSC

(~1t LAr; 
Greinacher HV-

Devise, large 
area readout, 

purification, ...)

ArgonTube 
@ Bern

(long drift up 
to 5 m,

HV-system, 
purity)

6m3 @ CERN

(R&D toward non 
evacuated vessels, 
charged particle 

test beam exposure 
in 2012)

1 kton @ CERN

(full engineering 
demonstrator 

towards very large 
LAr-detectors with 
stand alone short 
baseline physics 

program)

LAr: ArDM

http://darwin.physik.uzh.ch


Noble liquid time projection chambers
XENON1T at LNGS, under construction 

Total LXe mass: 3.3 tons, 1 m charge drift 

Commissioning and science run: mid and 
late 2015 

Goal: 2 x 10-47 cm2 at a WIMP mass of ~ 
50 GeV

28

DarkSide-50 at LNGS 

Total LAr mass: ~ 47 kg 

First results from atmAr, 1422 kg d  

6.1 x 10-44 cm2 at a WIMP mass of 
~ 100 GeV 

corresp. to a zero background run 
in 0.6 ton yr with  undergrAr 

13
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FIG. 6. Nuclear recoil acceptance of the f90 cut above the
39Ar leakage=0.01 events/(5−PE bin) curve. Red dots indicate
where the acceptance crosses 5%, 10%, . . . , 90%.
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FIG. 7. Spin-independent WIMP-nucleon cross section
90 % C.L. exclusion plot for the DarkSide-50 atmospheric
argon campaign (Solid Blue Curve) compared with re-
sults from LUX [48] (Solid Black Curve), XENON-100 [49]
(Dashed Black Curve), PandaX [50] (Dotted Black Curve),
CDMS [51] (Solid Red Curve), and WARP [6] (Dashed Blue
Curve). Also shown is an approximate band (Yellow) where
coherent scattering of solar, atmospheric, and diffuse super-
nova neutrinos begins to limit the sensitivity of direct detec-
tion experiments to WIMPs in absence of directional sensitiv-
ity [52].

2.3 events for spin-independent interactions, and we
compare it in Fig. 7 with limits from recent experi-
ments.

XI. CONCLUSIONS

We report the first underground operations for
physics data taking for the complete DarkSide direct
dark matter search detection system, including the
(46.4 ± 0.7) kg [(36.9 ± 0.6) kg fiducial] LAr TPC, the

30 ton active liquid scintillator shield/veto and the
1 kt active water-Cherenkov shield/veto. An innova-
tive closed-loop argon circulation system with external
purification and cooling allows the LAr TPC to achieve
an electron drift lifetime of > 5 ms. Photoelectron yield
of (7.9 ± 0.4)PE/keV at null field is achieved for detec-
tion of the primary argon scintillation, giving the photo-
electron statistics necessary for high performance pulse
shape discrimination.

Figure 4 covers the range of energies from 8.6 keV to
65.6 keV for 39Ar, and a total of 15 ⇥ 106 39Ar events
were recorded over that energy range. Event selection
based on the TPC cuts is shown to completely suppress
39Ar background events in the present (1422 ± 67) kg d
exposure.

This exposure contains at least as many 39Ar events
as 215 000 kg d of running with UAr, proving that
DarkSide-50 could run for two decades with UAr and
be free of 39Ar background. Alternatively, we note that
the WIMP search region in even the longest contem-
plated DarkSide-50 UAr run, drawn to admit the same
0.01 events/(5−PE bin) of 39Ar as the analysis reported
here, would move lower in f90, giving higher WIMP ac-
ceptance at low energies.

Although the liquid scintillator veto was compro-
mised by a high 14C content during this exposure, it was
able to tag and remove the handful of neutron events
expected. In the UAr run, we will be operating with a
neutron veto that will be able to sustain lower thresh-
olds, predicted to give considerably higher neutron re-
jection factor.

A WIMP search with the present dataset gives a limit
as low as 6.1 ⇥ 10�44 cm2 at 100 GeV/c2, the best result
achieved to date with an argon target.
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Directional detectors
R&D on low-pressure gas detectors to measure the recoil 
direction, correlated to the galactic motion towards Cygnus 

Challenge: good angular resolution + head-tail at Ethr (~30-50 
keV) 

One technology to be proposed in ~ 2016

DMTPCino TPC at MIT 
CCD readout  
1 m3 prototype, CF4 gas 
commissioning fall 2014

NEWAGE, Kamioka 
CF4 gas at 0.1 atm 
50 keV threshold

DRIFT, Boulby Mine 
1 m3, negative ion drift 
CS2, CF4, O2 gas 

MIMAC 100x100 mm2 
5l chamber at Modane 
CF4, CHF3, H gas

MIMAC (MIcro-tpc MAtrix of Chambers) 

Strategy :  
!  Matrix of  micro-TPC  (~50 mbar) 
!  Energy (ionization) and  3D track) 
!  Multi-target (1H, 19F, …) 
!  Interaction axiale (spin-spin ) 
!  4He, CH4, C4H10, CF4  has been tested ! 
 

Recoil 19F (measured) 
(E ~ 40 keVee) 
50 mbar   CF4 + CHF3 (30%)  

Prototype Bi-chamber  (5 L) (2x (10x10x25 cm3 ) 
Installed at Modane –Fréjus (France) in June 2012   

25 James Battat     Bryn Mawr College 

3.2 keV Cd 

6.4 keV  Fe 

8.1 keV  Cu   

X-ray calibration by fluorescence 
From Cd , Fe and Cu foils 

Energy (ADC units) 

Get total E from 
charge integral 
 
But don’t know  
energy of  each hit 

NEWAGE 
(New generation WIMP search  

with an advanced gaseous tracker experiment)�

PI: Kentaro Miuchi （KOBE university） 

NEWAGE-0.3a 
detector 

40cm 

30cm µPIC 
(Toshiba) 

30 x 30 x 31 cm3, 400 um pitch 

James Battat     Bryn Mawr College 26 

Dark Matter Time Projection 
Chamber (DMTPC) Principle
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DRIFT IIe - a Test-Bed for DRIFT III
New DRIFT IIe final construction

RHUL   Jocelyn Monroe                                                                                                                          June 27, 2014

prototype for very large detector: build many 1m3 modules, because of diffusion limit.

4-shooter 20L prototype has demonstrated
   (i) multi-camera readout
   (ii) low-background materials
   (iii) event discrimination with charge

pixel x

DMTPCino: 1m3 Detector Module

DMTPCino under construction now, 
commissioning Fall 2014

amplification
regions

cathode
planes

goal: achieve similar or better S:N per pixel, 
   for 35o resolution at 50 keVr in 1m3 module, 

ideally: 1 camera+lens/side (~0.005$/channel now)
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The WIMP landscape: prospects
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What can we learn about the dark matter 
should we find it?

31

!0 ¼ 0:4" 0:1 GeV=cm3 ð1"Þ: (16)

There are several other recent results that determine !0,
both consistent [60] and somewhat discrepant [61] with our
adopted value. Even in light of these uncertainties, we take
Eq. (16) to represent a conservative range for the purposes
of our study.

For completeness Table II summarizes the information
on the parameters used in our analysis.

VI. RESULTS

A. Complementarity of targets

We start by assuming the three dark matter benchmark
models described in Sec. II (m# ¼ 25; 50; 250 GeV with
"p

SI ¼ 10%9 pb) and fix the Galactic model parameters to
their fiducial values, !0 ¼ 0:4 GeV=cm3, v0 ¼ 230 km=s,
vesc ¼ 544 km=s, k ¼ 1. With the experimental capabil-
ities outlined in Sec. III, we generate mock data that, in
turn, are used to reconstruct the posterior for the DM
parameters m# and "p

SI. The left frame of Fig. 1 presents
the results for the three benchmarks and for Xe, Ge, and Ar

separately. Contours in the figure delimit regions of joint
68% and 95% posterior probability. Several comments are
in order here. First, it is evident that the Ar configuration is
less constraining than Xe or Ge ones, which can be traced
back to its smaller A and larger Ethr. Moreover, it is also
apparent that, while Ge is the most effective target for the
benchmarks with m# ¼ 25; 250 GeV, Xe appears the best
for a WIMP with m# ¼ 50 GeV (see below for a detailed
discussion). Let us stress as well that the 250 GeV WIMP
proves very difficult to constrain in terms of mass and cross
section due to the high-mass degeneracy explained in
Sec. II. Taking into account the differences in adopted
values and procedures, our results are in qualitative agree-
ment with Ref. [27], where a study on the supersymmet-
rical framework was performed. However, it is worth
noticing that the contours in Ref. [27] do not extend to
high masses as ours for the 250 GeV benchmark—this is
likely because the volume at high masses in a supersym-
metrical parameter space is small.
In the right frame of Fig. 1 we show the reconstruction

capabilities attained if one combines Xe and Ge data, or
Xe, Ge, and Ar together, again for when the Galactic
model parameters are kept fixed. In this case, for m# ¼
25; 50 GeV, the configuration Xeþ Arþ Ge allows the
extraction of the correct mass to better than Oð10Þ GeV
accuracy. For reference, the (marginalized) mass accuracy
for different mock data sets is listed in Table III. For m# ¼
250 GeV, it is only possible to obtain a lower limit on m#.
Figure 2 shows the results of a more realistic analysis,

that keeps into account the large uncertainties associated
with Galactic model parameters, as discussed in Sec. V.
The left frame of Fig. 2 shows the effect of varying only !0

(dashed lines, blue surfaces), only v0 (solid lines, red
surfaces), and all Galactic model parameters (dotted lines,
yellow surfaces) for Xe and m# ¼ 50 GeV. The Galactic

TABLE II. The parameters used in our analysis, with their
prior range (middle column) and the prior constraint adopted
(rightmost column) are shown. See Secs. IV and V for further
details.

Parameter Prior range Prior constraint

log10ðm#=GeVÞ (0.1, 3.0) Uniform prior
log10ð"p

SI=pbÞ ð%10;%6Þ Uniform prior
!0=ðGeV=cm3Þ (0.001, 0.9) Gaussian: 0:4" 0:1
v0=ðkm=sÞ (80, 380) Gaussian: 230" 30
vesc=ðkm=sÞ (379, 709) Gaussian: 544" 33
k (0.5, 3.5) Uniform prior
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FIG. 1 (color online). The joint 68% and 95% posterior probability contours in the m# % "p
SI plane for the three DM benchmarks

(m# ¼ 25; 50; 250 GeV) with fixed Galactic model, i.e., fixed astrophysical parameters, are shown. In the left frame we show the

reconstruction capabilities of Xe, Ge, and Ar configurations separately, whereas in the right frame the combined data sets Xeþ Ge and
Xeþ Geþ Ar are shown.
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reconstructed probabilities  
for Xe, Xe + Ge, Xe + Ge + Ar

model uncertainties are dominated by !0 and v0, and, once
marginalized over, they blow up the constraints obtained
with fixed Galactic model parameters. This amounts to a
very significant degradation of mass (cf. Table III) and
scattering cross-section reconstruction. Inevitably, the
complementarity between different targets is affected—
see the right frame of Fig. 2. Still, for the 50 GeV bench-
mark, combining Xe, Ge, and Ar data improves the mass
reconstruction accuracy with respect to the Xe only case,
essentially by constraining the high-mass tail.

In order to be more quantitative in assessing the useful-
ness of different targets and their complementarity, we use
as figure of merit the inverse area enclosed by the 95%
marginalized contour in the log10ðm"Þ # log10ð#p

SIÞ plane
inside the prior range. Notice that for the 250 GeV bench-
mark the degeneracy between mass and cross section is not
broken—this does not lead to a vanishing figure of merit
(i.e. infinite area under the contour) because we are re-
stricting ourselves to the prior range. Figure 3 displays this
figure of merit for several cases, where we have normalized

to the Ar target at m" ¼ 250 GeV with the fixed Galactic
model. Analyses with fixed Galactic model parameters
are represented by empty bars, while the cases where all
Galactic model parameters are marginalized over with
priors as in Table II are represented by filled bars. First,
one can see that all three targets perform better for WIMP
masses around 50 GeV than 25 or 250 GeV if the Galactic
model is fixed. When astrophysical uncertainties are
marginalized over, the constraining power of the experi-
ments becomes very similar for benchmark WIMP masses
of 25 and 50 GeV. Second, Fig. 3 also confirms what
was already apparent from Fig. 1: Ge is the best target
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FIG. 2 (color online). The joint 68% and 95% posterior probability contours in the m" # #p
SI plane for the case in which

astrophysical uncertainties are taken into account. In the left frame, the effect of marginalizing over !0, v0 and all four (!0, v0,
vesc, k) astrophysical parameters is displayed for a Xe detector and the 50 GeV benchmark WIMP. In the right frame, the combined
data sets Xeþ Ge and Xeþ Geþ Ar are used for the three DM benchmarks (m" ¼ 25; 50; 250 GeV).

TABLE III. The marginalized percent 1# accuracy of the DM
mass reconstruction for the benchmarks m" ¼ 25; 50 GeV is

shown. The figures between brackets refer to scans where the
astrophysical parameters were marginalized over (with priors as
in Table II), while the other figures refer to scans with the
fiducial astrophysical setup.

Percent 1# accuracy
m" ¼ 25 GeV m" ¼ 50 GeV

Xe 6.5% (14.3%) 8.1% (20.4%)
Ge 5.5% (16.0%) 7.0% (29.6%)
Ar 12.3% (23.4%) 14.7% (86.5%)
Xeþ Ge 3.9% (10.9%) 5.2% (15.2%)
Xeþ Geþ Ar 3.6% (9.0%) 4.5% (10.7%)
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FIG. 3 (color online). The figure of merit quantifying the
relative information gain on dark matter parameters for different
targets and combinations thereof is shown. The values of the
figure of merit are normalized to the Ar case at m" ¼ 250 GeV
with fixed astrophysical parameters. Empty (filled) bars are for
fixed astrophysical parameters (including astrophysical uncer-
tainties).
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Different targets are sensitive to different directions in the mχ- σSI plane

Xe: 2.0 t x yr, Eth =10 keV  
Ge: 2.2 t x yr, Eth =10 keV 
Ar: 6.4 t x yr,  Eth =30 keVfixed galactic model including galactic uncertainties

M. Pato, LB, G. Bertone, R. Ruiz de Austri, L. E. Strigari and R. Trotta Phys. Rev. D 83, 2011



Input from accelerators
WIMPs produced at colliders will leave the detector unnoticed 

If other particles (jets) are produced along with a pair of WIMPs, large 
amounts of missing transverse energy can be observed 

Example: dark matter that couples to SM particles (Z and Higgs)
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Figure 3. DM coupled to the Z. Regions of DM mass MDM and Z couplings (gDM
s , gDM

V , gDM
A ):

the orange region is excluded at 90% CL by ATLAS mono-jet searches at LHC8, with forecast for
LHC14 (dashed blue line); the grey region is excluded at 90% CL by LUX 2013 direct searches; the
blue region is excluded by the Z-invisible width constraint ΓZ,inv < 2 MeV. The green solid curve
corresponds to a thermal relic abundance via Z-coupling annihilation equal to the observed DM
density (the thick curve is the off-shell estimation; the thin curve is the on-shell computation).

a full calculation of the relic abundance, including all annihilation channels. The ap-

proximation of retaining only the dimension-6 interaction in eq. (3.3) is valid as long as

the effective energy scale (v/
√
gDM
V,A,s) is much larger than the DM mass. This implies

gDM
V,A,s ≪ 0.24 (500GeV/MDM)2, which is valid in the region of interest. However, if new

physics is not far from MDM, new interactions and new annihilation channels open up,

presumably reducing the thermal relic abundance. These effects are completely model-

dependent.

The computation of the thermal relic DM abundance becomes model-independent in

the kinematic region MDM ≈ MZ/2, since the annihilation cross section is dominated by

the Z-resonance. We postpone the discussion of this interesting case to section 4, where

we will show that the DM abundance can be simply computed in terms of the Z decay

width rather than in terms of DM annihilations.

Results

In figure 3 we compare the LHC sensitivity with the current bounds. In the plane (DM

mass, DM coupling to Z) we show:

1. The bounds from direct detection, dominated by the LUX experiments (regions

shaded in grey). The bounds on gDM
V and gDM

s are quite strong (around 10−3 for

DM mass around 100GeV), while gDM
A , which leads to spin-dependent interactions,

is less constrained (typically gDM
A

<∼ 0.3 for MDM ≈ 100GeV). We see that direct

detection experiments severely constrain the vector coupling gDM
V and the scalar cou-

pling gDM
s , and are presently probing the region gDM

A ∼ 1.

2. The LEP bounds from the invisible Z width, ΓZ,inv < 2MeV. This bound, shown in

light blue, implies gDM
V,A

<∼ 0.04, gDM
s <∼ 0.08 if MDM < MZ/2.
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Figure 4. DM coupled to the Higgs. Regions of DM mass MDM and Higgs couplings (λDM, yDM,
yPDM): the orange region is excluded at 90% CL by ATLAS mono-jet searches at LHC8, with forecast
for LHC14 (dashed blue line); the grey region is excluded at 90% CL by LUX 2013 direct searches;
the blue region is excluded by the Higgs invisible width constraint Γh,inv/Γh < 20%. The green
solid curve corresponds to a thermal relic abundance via Higgs-coupling annihilation equal to the
observed DM density (the thick curve is the off-shell estimation; the thin curve is the on-shell
computation).

4. As for the case of DM coupling to the Z, the present bound from LHC mono-jet

searches, extracted with the procedure described in section 2.3, are not competitive

with the combined limits from LUX and Higgs invisible width, not even projecting

the sensitivity of LHC14 with 300 fb−1.

5. The case of a DM coupling to the Higgs responsible for the correct relic abundance

is ruled out for fermionic DM (but allowed for pseudoscalar coupling when MDM >

Mh/2). For scalar DM, this possibility is still viable for MDM>∼ 100GeV. A small

mass window around the resonant Higgs exchange is allowed, and this case will be

discussed in section 4. However, we recall again that the thermal abundance lines

in figure 4 bear a dependence on the completion of the theory and our calculation is

based on an effective-theory regime with couplings defined by eq. (3.9). In particular,

for fermonic DM, the green line in figure 4 is approximately independent of the DM

mass in the high-mass region; this result is characteristic of dimension-5 interactions.

New particles and new interactions can easily reduce the cosmological abundance of

the DM particle coupled to the Higgs.

4 DM freeze-out via decays

A special case occurs when the DM annihilation cross section relevant for the thermal relic

abundance is resonantly enhanced by the mediator exchange in the s-channel. This applies

when the DM mass is about MZ/2 = 45.6GeV or Mh/2 = 63GeV, but our considerations

apply to the case of a generic mediator M (such as extra Higgses present in supersymmetric

models or Z ′ gauge bosons). We will consider a mediator M with gM degrees of freedom,

with mass MM slightly larger than 2MDM, with branching ratio BRDM into a pair of DM

– 15 –
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Input from accelerators
WIMPs produced at colliders will leave the detector unnoticed 

If other particles (jets) are produced along with a pair of WIMPs, large 
amounts of missing transverse energy can be observed 

Example: minimal simplified dark matter model (mDM, Mmed, gq, gDM)

S. A. Malik et al., arXiv:1409.4075
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Figure 4. Projected 90% CL limits for the CMS mono-jet search (blue lines) and the LZ experiment
(red lines) in the cross section vs mDM plane for SI and SD interactions appropriate for the vector
and axial-vector mediators respectively. The collider limits are defined for coupling scenarios with
gq = gDM = 0.25, 0.5, 1.0, 1.45. For comparison, the discovery reach accounting for the neutrino
scattering background are also displayed (green lines). For the spin-independent interaction we also
show a projection of the SuperCDMS limit (orange line).

below gq =g
DM

= 0.25 the present CMS mono-jet search does not provide a signifi-

cant limit, while for gq = g
DM

= 1.45 the width of the mediator becomes larger than

its mass. Therefore, the proposed range of coupling scenarios covers the two extreme

scenarios (0.25 and 1.45) as well as intermediate cases (0.5 and 1.0). Depending on

the desired application, one or even both planes can be used to provide a characteri-

zation on equal footing of the absolute and relative performances of collider and DD

experiments.

This concrete proposal could be adopted for the near-future data comparisons of collider

and DD searches for DM. We recommend at the same time to continue the discussion and

to explore further scenarios and models in order to develop a comprehensive strategy to

characterize and compare these searches in the future and maximise the combined DM

particle study potential. While the di↵erent collider and DD properties of vector or axial-

vector mediators are excellent examples to demonstrate the complementarily of the two

search strategies, an obvious extension of this proposal would be to also consider scalar and

pseudo-scalar mediators as well as t-channel exchanges. For example, a MSDM description

with scalar and pseudo-scalar mediators would provide some of the simplest realisations of

a non-minimal Higgs sector where the Standard Model Higgs interacts and can mix with

the (pseudo)-scalar mediators. Therefore, such models provides a direct link with Higgs

physics and it might even be possible that there is a common origin of the electroweak

and the DM scales in Nature as it was recently explored in e.g. [48, 49]. This extension is

currently under study and will be advertised once the work is completed.
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Figure 4. Projected 90% CL limits for the CMS mono-jet search (blue lines) and the LZ experiment
(red lines) in the cross section vs mDM plane for SI and SD interactions appropriate for the vector
and axial-vector mediators respectively. The collider limits are defined for coupling scenarios with
gq = gDM = 0.25, 0.5, 1.0, 1.45. For comparison, the discovery reach accounting for the neutrino
scattering background are also displayed (green lines). For the spin-independent interaction we also
show a projection of the SuperCDMS limit (orange line).

below gq =g
DM

= 0.25 the present CMS mono-jet search does not provide a signifi-

cant limit, while for gq = g
DM

= 1.45 the width of the mediator becomes larger than

its mass. Therefore, the proposed range of coupling scenarios covers the two extreme

scenarios (0.25 and 1.45) as well as intermediate cases (0.5 and 1.0). Depending on

the desired application, one or even both planes can be used to provide a characteri-

zation on equal footing of the absolute and relative performances of collider and DD

experiments.

This concrete proposal could be adopted for the near-future data comparisons of collider

and DD searches for DM. We recommend at the same time to continue the discussion and

to explore further scenarios and models in order to develop a comprehensive strategy to

characterize and compare these searches in the future and maximise the combined DM

particle study potential. While the di↵erent collider and DD properties of vector or axial-

vector mediators are excellent examples to demonstrate the complementarily of the two

search strategies, an obvious extension of this proposal would be to also consider scalar and

pseudo-scalar mediators as well as t-channel exchanges. For example, a MSDM description

with scalar and pseudo-scalar mediators would provide some of the simplest realisations of

a non-minimal Higgs sector where the Standard Model Higgs interacts and can mix with

the (pseudo)-scalar mediators. Therefore, such models provides a direct link with Higgs

physics and it might even be possible that there is a common origin of the electroweak

and the DM scales in Nature as it was recently explored in e.g. [48, 49]. This extension is

currently under study and will be advertised once the work is completed.
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Indirect searches: comparison with direct 
detection

34

IceCube: WIMP-p; spin-dependent IceCube: WIMP-p; spin-independent

High-energy neutrinos from WIMP capture and annihilation in the Sun (point-source) 

Sun is made of ~p => strong constraints on WIMP-proton interactions for SD cross sections

IceCube collab. PRL 110, 2013 (79 string)



Summary

Cold dark matter is still a viable paradigm explaining cosmological & 
astrophysical observations 

It could be made of axions, and/or WIMPs (+ many other options, some less 
predictive and/or more difficult to test in the laboratory) 

So far, no convincing detection of a dark matter particle 

In the best of all worlds: multiple discoveries (direct detection, the LHC, indirect 
detection) & constraints of the dark matter properties 

If no discovery: “ultimate” detectors might at least be able to disprove the axion 
& WIMP hypotheses (still valuable information) 

However, we should be open for new theoretical ideas & new experiments!
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The End
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What might be the origin of the DAMA signal?

Allowing the amplitude to vary freely, we obtain a best-fit
chi square of χ2 ¼ 69.76.
We show in Fig. 3 the neutrinoþmuon signal from our

first fit (with Aν ¼ 0.039 and Aμ ¼ 0.047) compared with a
dark matter signal and the best-fit signal from muons alone.
The neutrinoþmuon and dark matter signals are very close
together in phase, and both fit well to the DAMA data. As
expected, the muon-only model provides the worst fit, as it
has a phase which lags ∼30 days behind the data. This is
confirmed by the χ2 values, which we show in Table I.
We present two additional metrics in Table I, which

account for the different numbers of free parameters. For
the Akaike information criterion (AIC) [24] the neutrinoþ
muon model gives the best fit, and for the Bayesian
information criterion (BIC) dark matter has the lowest
value, but only by a difference of ΔBIC ¼ 1.36, which is
not significant. We conclude that our neutrino+muon model
fits as well to the DAMA modulation as a dark matter
signal.
Rates of cosmogenic neutrons.—We have modeled the

DAMA annual modulation by using neutrons produced by
solar neutrinos and atmospheric muons. Indeed, the DAMA
events cannot be due directly to muon or neutrino scatter-
ing, due to statistical arguments for the former [13] and too

small a rate for the latter [25]. In this section, we discuss
whether these muons and neutrinos can produce enough
neutrons to constitute the DAMA signal.
Muons produce neutrons via scattering in either the rock

or potentially the lead shielding around the detector
[13,14,26]. Likewise, neutrons from neutrino neutral-cur-
rent scattering have been proposed as a detection method
for supernovae neutrinos using 9Be, 23Na, 35Cl, 56Fe, and
208Pb targets [27–30]. For 208Pb the neutron emission
threshold for the neutrino is Eν > 7.37 MeV [27], and
so 8B solar neutrinos could stimulate neutron spallation,
since these have energies up to 14 MeV [19,20].
We now calculate the amount of target needed for

cosmogenic neutrons to explain the DAMA signal. We
estimate the rate of neutrons by using R ∼ ΦσnV, where Φ
is the flux, σ is the interaction cross section, n is the number
density of the target, and V is its volume.
For 8B solar neutrinos, the flux is of the order Φν ∼

106 cm−2 s−1 [20]. Assuming a 208Pb target, the cross
section for neutrino-induced neutron spallation is σ ∼
10−41 cm2 [27]. Hence, the rate of neutrino-induced neu-
tron emission is of the order of Rν ∼ 10−35nV
neutrons=sec. For muons, we assume a flux at the Gran
Sasso lab of Φμ ∼ 10−8 cm−2 s−1 and a cross section for
neutron production σ ∼ 10−26 cm2 [26]. This gives a muon-
induced neutron rate of Rμ ∼ 10−34nV neutrons=sec.
Hence, our estimates imply Rν=Rμ ∼ 0.1, which is encour-
aging given that we required for the modulation residuals
Aν=Aμ ≈ 0.5 to provide a good fit to DAMA data.
Taking the number density to be n ¼ 1029 m−3, a

volume of V ∼ 1000 m3 is enough to generate ∼100
neutrons per day, which is similar to the rate observed
in DAMA. For the muon-induced neutrons, the mean free
path (MFP) is λ ≈ 2.6 m [31]. Hence, we estimate the
effective volume over which these neutrons are pro-
duced and still reach the detector to be Veff ¼
4π

R
drr2 exp½−r=λ$ ≈ 450 m3, which is close to the

volume V needed to explain the DAMA signal. The
neutrino-induced neutrons will be of lower energies,
resulting in a shorter MFP and a smaller Veff. However,

FIG. 2 (color online). Contours (and best-fit point is denoted by
star) of the modulation residuals for the muon Aμ and neutrino Aν
induced neutron signal in Eq. (3), for the case where the phases
are marginalized over. Shown also are approximate values for the
day where the signal peaks for selected values of Aν=Aμ.

FIG. 3 (color online). Comparison of models for the DAMA data. The model proposed in this Letter is shown as the solid cyan line,
composed of neutrons produced by solar neutrinos and atmospheric muons [with fixed phases ðϕν;ϕμÞ ¼ ð3; 179Þ days]. Adding the
solar neutrino contribution to that from muons shifts the phase forward by ∼30 days, markedly improving the fit to the data.

PRL 113, 081302 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending

22 AUGUST 2014

081302-3

J. Davis, PRL 113, 081302 (2014)

A combination of solar 8B neutrino- and atmospheric muon-induced 
neutrons? 

Combined phase of muon and neutrino components*: good fit to the data 

However, the amplitudes seem many orders of magnitude too low

*Muons: flux correlated with T of atmosphere; period is ok but phase is 30 d too late 
*Neutrinos: flux varies with the Sun-Earth distance; period is ok but phase peaks in early Jan
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Will directional information help?

Yes, but mostly for low WIMP masses 

Many directional techniques currently in R&D phase 

Might be difficult to reach the 10-48 - 10-49 cm2 cross section with this technique
9

FIG. 7: The combined two dimensional probability distri-
bution ⇢ of the recoil energy and event angle for a 6 GeV
dark matter particle and neutrinos in a CF4 detector. The
expected signal rate is fixed to s=10 and the expected back-
ground rate to b=500.

ues resulting in a background rate b

0

. The number of
observed events n in a pseudo experiment is drawn from
a Poisson distribution centered at a value � which is ei-
ther equal to b

0

for the background only or b

0

+ s for
the signal plus background simulation. For each pseudo
experiment we simulate these n events as we discussed in
section IVC.

To account for the unknown real flux value when per-
forming the experiment we vary the expectation of each
pseudo experiment, that is b in equation 15. Hence, for
each pseudo experiment we draw a random flux value for
each neutrino flux type from a gaussian with 1� corre-
sponding to the uncertainties. This results in a di↵erent
expected background rate b for each pseudo experiment
via equation 12 and widens the Q-distributions. We then
repeat the procedure shifting b

0

up and down by one
sigma to obtain a 1 sigma band for the estimated exclu-
sion limits.

V. RESULTS

A. Estimation of Detector Sensitivities

In order to see directly the gain in sensitivity when
directional information is used, we evaluate the sensitiv-
ity that we obtain from our statistical approach for both
cases, excluding (red bands) and including directional in-
formation (green bands). To compare the results to the
WIMP discovery limit that was presented in [9], we show
this limit as a light-grey line. Note here that the limits
from [9] are discovery limits at the 3� level and based on
a profile likelihood appraoch, whereas we perform a hy-

FIG. 8: Estimated sensitivity limits at 3� level for a non-
directional (red band) and directional (green band) CF4 de-
tector with 36 t-yrs exposure and 5 keV energy threshold
resulting in 500 expected neutrino events. The fainter bands
indicate corresponding sensitivity limits at 90% CL.

potheses test. Therefore, any direct comparison should
be taken with care. A strict discovery limit exists for
dark matter masses that match the energy spectrum of
the neutrino background perfectly, see [9]. This is for
example the case for a 6 GeV dark matter particle and
the background of 8B neutrinos in a Xenon detector. We
reproduce this limit and the discovery limits for heavy
dark matter from [9] with very good accuracy, see also
section VB. In the dark matter mass region around 10
GeV where a steep increase in sensitivity towards smaller
cross-sections is observed, however, we find slighly less
constraining discovery limits, as will become clear when
we discuss the Xenon detector.

In this section we will look at sensitivity limits at the
90% CL and 3� level for experiments with di↵erent tar-
get materials and energy thresholds. To compare the dif-
ferent simulations, the detector exposure is scaled such
that the simulated experiment will observe 500 neutrino
events, i.e. the background contribution is sizable. As
an example for a dark matter detector with direction-
ality, we estimated the sensitivity of Tetraflourmethane
CF

4

as target material. As a light target CF
4

is promis-
ing to distinguish solar neutrinos from light dark matter.
We set the energy thresholds in our run to 5 keV.

Figure 8 shows the obtained sensitivity bands for a 36.6
ton-year CF

4

experiment with a 5 keV energy thresh-
old. The 500 neutrino events consist of 499.8 expected
solar and 0.2 expected non-solar neutrinos. The green
and red bands represent limits that can be obtained with
directional and non-directional detectors at a 3� level,
respectively. The fainter colors show corresponding lim-
its at 90% CL. The seperation of the green band from the
red band clearly shows the impact of directional informa-

P. Grothaus, M. Fairbairn, J. Monroe, arXiv: 1406.5047
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tion. A strong increase in sensitvity for directional de-
tectors towards smaller cross-sections is observed which
is larger the smaller the dark matter mass. This is easily
understood when considering the clear seperation of the
neutrino and dark matter peak in the two dimensional
probability distribution functions. The lighter the dark
matter particle is, the more significant this separation.
For a light dark matter event to be above threshold, the
track of the recoiling nucleus has to lie closer along the
incoming dark matter direction in order to produce a
large enough recoil. Hence, the dark matter signal also
has a strong directional character, as discussed in sec-
tion II. Since the event angle distribution is di↵erent to
the neutrinos, directional information has a large impact.

We find that cross-sections below the solar neutrino
bound can be tested at 3� level when directional infor-
mation is taken into account.

Towards heavier dark matter masses, we see that the
sensitivity curves approach each other and directionality
loses some impact. For heavy dark matter, the distinc-
tion of signal and solar background is already easy when
the energy spectrum is considered on its own, because the
recoil energies of solar neutrinos are much smaller com-
pared to heavy dark matter. Besides, the dark matter
events loose their directional character more and more:
Light dark matter can only give recoil energies above
threshold for the largest dark matter velocities in the
halo, such that only those particles coming from Cygnus
A can give a recoil event in the detector. The kinetic
energy of heavy dark matter particles is, in contrast, also
large for small dark matter velocities. Hence, the incom-
ing direction of dark matter particles that give a signal
event in the detector becomes unconstrained and more
and more isotropic. A competing e↵ect is that the track
resolution for small recoil energies is worse, but improves
for larger recoil energies and thus for heavier dark matter.
Overall, we see that directional information is also useful
for heavier dark matter. This is mainly because when
heavy dark matter particles give recoil energies compa-
rable to the recoil energies of solar neutrinos, the dark
matter events can be distinguished using directional in-
formation, which would not be possible otherwise.

At the moment, the strongest constraints on the
WIMP-nucleon cross-section are set by experiments that
use Xenon as a target material. These detectors have
no directional information and no technology exists up
to now that could achieve this. However, it is still inter-
esting to ask which cross-section experiments with heavy
target materials would be able to probe if they could use
directional information. There is recent interest in de-
veloping a direction-sensitive Xenon detector technology
based on recombination dependence on the recoil angle
relative to the detector ~

E field [48], so perhaps this will
be a possibility for the future.

Therefore, we additionally choose Xenon as a target
material and perform the same tests. Estimated sensi-
tivity curves for a hypothetical experiment with 367.7
ton-year exposure using a 2 keV threshold can be seen

FIG. 9: Estimated sensitivity limits at 3� level for a non-
directional (red band) and directional (green bands) Xenon
detector with 367 t-yrs exposure and 2 keV energy threshold
resulting in 500 expected neutrino events. The fainter bands
indicate corresponding sensitivity limits at 90% CL.

in figure 9. The 500 neutrino background events con-
sist of 485.8 expected solar and 14.2 expected non-solar
neutrinos.

Our statistical test finds that even without direc-
tional information cross-sections below the discovery
limit from [9] can be tested at 3� level. For example,
an 8 GeV WIMP with a cross-section of 2.3⇥ 10�46cm2

would give about 470 dark matter events. We note here,
that we assumed half the flux uncertainties and took a
di↵erent statistical approach than reference [9]. The non-
directional 3�-limit should hence be seen as a WIMP-
discovery limit obtained from our approach rather than
testing cross-sections beyond the discovery limit. Again,
we see that directional detectors can go beyond and probe
smaller cross-sections compared to non-directional detec-
tors. The same trend that directional and non-directional
detectors give similar sensitivities for heavy dark matter
particles is visible; the limits are basically identical for
the Xenon detector.

Compared to the light target material CF
4

we find that
the impact of directional information is less significant
in this Xenon detector configuration when searching for
heavy dark matter. With Xenon as a heavy target mate-
rial solar neutrinos can give recoil energies only up to ap-
proximately 5 keV. Hence, the range of recoil energies for
which directionality is the only indicator to distinguish
the signal from the solar neutrino background is small.
For the light target material CF

4

this range is larger:
solar neutrinos can recoil up to approximately 30 keV,
see figure 4. We can therefore conclude that the larger
the range of possible recoil energies of solar neutrinos is
compared to the total energy range of the detector, the
larger the gain in sensitivity from directional information.

no direction 
no direction 

with direction with direction

neutrino bounds

367 t yr exposure, 500 nu events36.6 t yr exposure, 500 (solar) nu events
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Direct-detection experiments search for solar 
axions & ALPs

Limits on axions and ALPs from CDMS, DAMA, CoGeNT, XMASS, 
EDELWEISS, XENON100

4
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FIG. 3: Background model N
b

⇥ f
b

(grey line), scaled to the
correct exposure, as explained in the text. f

b

is based on the
60Co and 232Th calibration data (empty blue dots), and is
used in Eq.4. The 3 PE threshold is indicated by the vertical
red dashed line.

where ✏(S1) is the acceptance and �
PMT

= 0.5 PE is the
PMT resolution [23].

The background spectrum, f
b

, is modeled based on
60Co and 232Th calibration data. The spectrum is scaled
to the science data exposure by normalizing it to the
number of events seen outside the signal region. For so-
lar axions, it is done between 30 and 100 PE, and for
galactic ALPs below m

A

[pe]�2� and above m
A

[pe]+2�,
where m

A

[pe] is the ALP mass in units of PE and � is
the width of the expected signal peak, see Fig.6. Then,
the scaled background spectrum is integrated in the sig-
nal region to give the expected number of background
events, N

b

. The background model scaled to the correct
exposure, N

b

⇥ f
b

, is shown in Fig.3, along with the
scaled calibration spectrum.

The energy scale term in Eq.3, L2, has been
parametrised with a single nuisance parameter t. The
likelihood function is defined to be normally distributed
with zero mean and unit variance, corresponding to

L2(n
exp(t)) = e�t

2
/2, (7)

where t = ±1 corresponds to a ±1� deviation in nexp, as
shown in Fig.2, i.e., t = (nexp � nexp

mean

)/�.

III. RESULTS

A. Solar axions

The remaining events after all the selection cuts are
shown in Fig.4 as a function of S1. The solid grey line
shows the background model, N

b

⇥ f
b

. The expected S1
spectrum for solar axions, lighter than 1 keV/c2, is shown
as a blue dashed line for g

Ae

= 2 ⇥ 10�11, the best limit
so far reported by the EDELWEISS-II collaboration [30].
The data are compatible with the background model, and
no excess is observed for the background only hypothesis.

Fig.5 shows the new XENON100 exclusion limit on g
Ae

at 90% CL. The sensitivity is shown by the green/yellow
band (1�/2�). As we used the most recent and accurate

S1 [PE]
0 10 20 30

Ev
en

ts
/P

E

1

10

210

Expected Mean Recoil Energy [keV]
1 2 3 4 5 6 7 8 9 10

FIG. 4: Event distribution of the data (black dots), and back-
ground model (grey) of the solar axion search. The expected
signal for solar axions with m

A

< 1 keV/c2 is shown by the
dashed blue line, assuming g

Ae

= 2 ⇥ 10�11, the current best
limit from EDELWEISS-II [30]. The vertical dashed red line
indicates the low S1 threshold, set at 3 PE. The top axis shows
the expected mean value of the electronic recoil energy.
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FIG. 5: The XENON100 limits (90% CL) on solar axions is
indicated by the blue line. The expected sensitivity is given
by the green/yellow bands (1�/2�). Limits by EDELWEISS-
II [30], and XMASS [31] are shown, together with the lim-
its from a Si(Li) detector from Derbin et al. [32]. The
contour area corresponds to a possible interpretation of the
DAMA/LIBRA annual modulation signal as originating from
axions [33]. Indirect astrophysical bounds from solar neutri-
nos [34] and red giants [35] are represented by dashed lines.
The benchmark DFSZ and KSVZ models are represented by
grey dashed lines [4–7].

calculation for solar axion flux from [10], which is valid
only for light axions, we restrict the search to m

A

< 1
keV/c2. For comparison, we also present recent exper-
imental constraints [30–32] and the DAMA/LIBRA an-
nual modulation signal [33] interpreted as being due to
axion interactions. Astrophysical bounds [34, 35] and
theoretical benchmark models [4–7] are also shown.For
solar axions with masses below 1 keV/c2 XENON100 is
able to set the strongest constraint on the coupling to
electrons, excluding values of g

Ae

larger than 7.7⇥ 10�12
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FIG. 4: Event distribution of the data (black dots), and back-
ground model (grey) of the solar axion search. The expected
signal for solar axions with m

A

< 1 keV/c2 is shown by the
dashed blue line, assuming g

Ae

= 2 ⇥ 10�11, the current best
limit from EDELWEISS-II [30]. The vertical dashed red line
indicates the low S1 threshold, set at 3 PE. The top axis shows
the expected mean value of the electronic recoil energy.
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FIG. 5: The XENON100 limits (90% CL) on solar axions is
indicated by the blue line. The expected sensitivity is given
by the green/yellow bands (1�/2�). Limits by EDELWEISS-
II [30], and XMASS [31] are shown, together with the limits
from a Si(Li) detector from Derbin et al. [32]. Indirect astro-
physical bounds from solar neutrinos [33] and red giants [34]
are represented by dashed lines. The benchmark DFSZ and
KSVZ models are represented by grey dashed lines [4–7].

ing the coupling to photons, g
A�

, has excluded axions
within the KSVZ model in the mass range between 0.64
- 1.17 eV/c2 [36, 37].

B. Galactic axions-like particles

For non-relativistic galactic ALPs, Fig.6 shows the
XENON100 data after the selection cuts (1422 surviv-
ing events) along with their statistical errors, together
with the expected signal for di↵erent masses. A coupling
of g

Ae

= 4 ⇥ 10�12 and the condition that ALPs consti-
tute all of the galactic dark matter have been assumed.
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FIG. 6: Event distribution in the galactic ALPs search region
between 3 and 100 PE (black dots). The grey line shows
the background model used for the profile likelihood function.
The red dashed line indicates the S1 threshold. The expected
signal in XENON100 for various ALP masses, assuming g

Ae

=
4 ⇥ 10�12 is shown as blue dashed lines. The top axis shows
the expected mean electronic recoil energy value.

The width of the monoenergetic signal is given by the
energy resolution of the detector at the relevant S1 [19].
As for the solar axion search, the data is compatible with
the background model, and no excess is observed for the
background-only hypothesis for the various ALP masses.
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FIG. 7: The XENON100 limit (90% CL) on ALP coupling to
electrons as a function of the mass, under the assumption that
ALPs constitute all the dark matter in our galaxy (blue line).
The expected sensitivity is shown by the green/yellow bands
(1�/2�). The other curves are constraints set by CoGeNT [38]
(brown dashed line), CDMS [39] (grey continuous line), and
EDELWEISS-II [30] (red line, extending up to 40 keV/c2).
Indirect astrophysical bound from solar neutrinos [33] is rep-
resented as a dashed line. The benchmark KSVZ model is
represented by a dashed grey line [6, 7].

Fig.7 shows the XENON100 90% CL exclusion limit.
As downward statistical fluctuations of the background
might lead to reject couplings to which the experiment
is not sensitive, we used the CLs method to protect
the result from this e↵ect, as described in [29]. The

Solar axions Galactic ALPs

39
XENON collaboration, Phys. Rev. D 90, 062009 (2014)



Example: XENON100 dark matter data
Exposure:  ~  225 days x 34 kg fiducial liquid xenon mass 

No dark matter signal: 2 events observed, 1 expected from backgrounds

Fiducial mass region: 
34 kg of liquid xenon

406 events in total

Signal region: 
2 events are observed

0.79 ± 0.16 gamma leakage events expected

0.17 +0.12-0.7 neutron events expected

The fiducial volume used in this analysis contains 34 kg
of LXe. The volume was determined before the unblinding
by maximizing the dark matter sensitivity of the data given
the accessible ER background above the blinding cut. The
ellipsoidal shape was optimized on ER calibration data,
also taking into account event leakage into the signal re-
gion. A benchmark WIMP search region to quantify the
background expectation and to be used for the maximum
gap analysis was defined from 6:6–30:5 keVnr (3–20 PE) in
energy, by an upper 99.75% ER rejection line in the dis-
crimination parameter space, and by the lines correspond-
ing to S2> 150 PE and a lower line at !97% acceptance
from neutron calibration data (see lines in Fig. 2, top).

Both NR and ER interactions contribute to the expected
background for the WIMP search. The first is determined
from Monte Carlo simulations, by using the measured
intrinsic radioactive contamination of all detector and
shield materials [8] to calculate the neutron background
from ð!; nÞ and spontaneous fission reactions, as well as
from muons, taking into account the muon energy and
angular dependence at LNGS. The expectation from these
neutron sources is (0:17þ0:12

%0:07 ) events for the given expo-
sure and NR acceptance in the benchmark region. About
70% of the neutron background is muon-induced.

ER background events originate from radioactivity of
the detector components and from " and # activity of
intrinsic radioactivity in the LXe target, such as 222Rn and
85Kr. The latter background is most critical, since it cannot
be reduced by fiducialization. Hence, for the dark matter
search reported here, a major effort was made to reduce the
85Kr contamination, which affected the sensitivity of the
previous search [6]. To estimate the total ER background
from all sources, the 60Co and 232Th calibration data are
used, with>35 times more statistics in the relevant energy
range than in the dark matter data. The calibration data are
scaled to the dark matter exposure by normalizing it to the
number of events seen above the blinding cut in the energy
region of interest. The majority of ER background events
is Gaussian distributed in the discrimination parameter
space, with a few events leaking anomalously into the NR
band. These anomalous events can be due to double scat-
ters with one energy deposition inside the TPC and another
one in a charge insensitive region, such that the prompt S1
signal from the two scatters is combined with only one
charge signal S2. Following the observed distribution in
the calibration data, the anomalous leakage events were
parametrized by a constant (exponential) function in the
discrimination parameter (S1 space). The ER background
estimate including Gaussian and anomalous events is
(0:79& 0:16) in the benchmark region, leading to a total
background expectation of (1:0& 0:2) events.

The background model used in the PL analysis employs
the same assumptions and input spectra from MC and
calibration data. Its validity has been confirmed prior to
unblinding on the high-energy sideband and on the vetoed
data from 6:6–43:3 keVnr.

After unblinding, two events were observed in the bench-
mark WIMP search region; see Fig. 2. With energies of 7.1
(3.3) and 7:8 keVnr (3.8 PE), both fall into the lowest PE bin
used for this analysis. The waveforms for both events are of
high quality, and their S2=S1 value is at the lower edge of
the NR band from neutron calibration. There are no leakage
events below 3 PE. The PL analysis yields a p value of
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FIG. 2 (color online). (Top) Event distribution in the discrimi-
nation parameter space log10ðS2b=S1Þ, flattened by subtracting
the distribution’s mean, as observed after unblinding using all
analysis cuts and a 34 kg fiducial volume (black squares). A lower
analysis threshold of 6:6 keVnr (NR equivalent energy scale) is
employed. The PL analysis uses an upper energy threshold of
43:3 keVnr (3–30 PE), and the benchmark WIMP search region is
limited to 30:5 keVnr (3–20 PE). The negligible impact of the
S2> 150 PE threshold cut is indicated by the dashed-dotted blue
line, and the signal region is restricted by a lower border running
along the 97% NR quantile. An additional hard S2b=S1 discrimi-
nation cut at 99.75% ER rejection defines the benchmark WIMP
search region from above (dotted green line) but is only used to
cross-check the PL inference. The histogram in red and gray
indicates the NR band from the neutron calibration. Two events
fall into the benchmark region where (1:0& 0:2) are expected
from background. (Bottom) Spatial event distribution inside the
TPC using a 6:6–43:3 keVnr energy window. The 34 kg fiducial
volume is indicated by the red dashed line. Gray points are above
the 99.75% rejection line, and black circles fall below.
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The fiducial volume used in this analysis contains 34 kg
of LXe. The volume was determined before the unblinding
by maximizing the dark matter sensitivity of the data given
the accessible ER background above the blinding cut. The
ellipsoidal shape was optimized on ER calibration data,
also taking into account event leakage into the signal re-
gion. A benchmark WIMP search region to quantify the
background expectation and to be used for the maximum
gap analysis was defined from 6:6–30:5 keVnr (3–20 PE) in
energy, by an upper 99.75% ER rejection line in the dis-
crimination parameter space, and by the lines correspond-
ing to S2> 150 PE and a lower line at !97% acceptance
from neutron calibration data (see lines in Fig. 2, top).

Both NR and ER interactions contribute to the expected
background for the WIMP search. The first is determined
from Monte Carlo simulations, by using the measured
intrinsic radioactive contamination of all detector and
shield materials [8] to calculate the neutron background
from ð!; nÞ and spontaneous fission reactions, as well as
from muons, taking into account the muon energy and
angular dependence at LNGS. The expectation from these
neutron sources is (0:17þ0:12

%0:07 ) events for the given expo-
sure and NR acceptance in the benchmark region. About
70% of the neutron background is muon-induced.

ER background events originate from radioactivity of
the detector components and from " and # activity of
intrinsic radioactivity in the LXe target, such as 222Rn and
85Kr. The latter background is most critical, since it cannot
be reduced by fiducialization. Hence, for the dark matter
search reported here, a major effort was made to reduce the
85Kr contamination, which affected the sensitivity of the
previous search [6]. To estimate the total ER background
from all sources, the 60Co and 232Th calibration data are
used, with>35 times more statistics in the relevant energy
range than in the dark matter data. The calibration data are
scaled to the dark matter exposure by normalizing it to the
number of events seen above the blinding cut in the energy
region of interest. The majority of ER background events
is Gaussian distributed in the discrimination parameter
space, with a few events leaking anomalously into the NR
band. These anomalous events can be due to double scat-
ters with one energy deposition inside the TPC and another
one in a charge insensitive region, such that the prompt S1
signal from the two scatters is combined with only one
charge signal S2. Following the observed distribution in
the calibration data, the anomalous leakage events were
parametrized by a constant (exponential) function in the
discrimination parameter (S1 space). The ER background
estimate including Gaussian and anomalous events is
(0:79& 0:16) in the benchmark region, leading to a total
background expectation of (1:0& 0:2) events.

The background model used in the PL analysis employs
the same assumptions and input spectra from MC and
calibration data. Its validity has been confirmed prior to
unblinding on the high-energy sideband and on the vetoed
data from 6:6–43:3 keVnr.

After unblinding, two events were observed in the bench-
mark WIMP search region; see Fig. 2. With energies of 7.1
(3.3) and 7:8 keVnr (3.8 PE), both fall into the lowest PE bin
used for this analysis. The waveforms for both events are of
high quality, and their S2=S1 value is at the lower edge of
the NR band from neutron calibration. There are no leakage
events below 3 PE. The PL analysis yields a p value of
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FIG. 2 (color online). (Top) Event distribution in the discrimi-
nation parameter space log10ðS2b=S1Þ, flattened by subtracting
the distribution’s mean, as observed after unblinding using all
analysis cuts and a 34 kg fiducial volume (black squares). A lower
analysis threshold of 6:6 keVnr (NR equivalent energy scale) is
employed. The PL analysis uses an upper energy threshold of
43:3 keVnr (3–30 PE), and the benchmark WIMP search region is
limited to 30:5 keVnr (3–20 PE). The negligible impact of the
S2> 150 PE threshold cut is indicated by the dashed-dotted blue
line, and the signal region is restricted by a lower border running
along the 97% NR quantile. An additional hard S2b=S1 discrimi-
nation cut at 99.75% ER rejection defines the benchmark WIMP
search region from above (dotted green line) but is only used to
cross-check the PL inference. The histogram in red and gray
indicates the NR band from the neutron calibration. Two events
fall into the benchmark region where (1:0& 0:2) are expected
from background. (Bottom) Spatial event distribution inside the
TPC using a 6:6–43:3 keVnr energy window. The 34 kg fiducial
volume is indicated by the red dashed line. Gray points are above
the 99.75% rejection line, and black circles fall below.
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Example: LUX dark matter data
Exposure: 85.3 days x 118 kg fiducial liquid xenon mass 

No sign of dark matter, observed distribution consistent with backgrounds 

New run of 300 live-days planned for 2014/15, sensitivity increase by a 
factor of 5

Carmen Carmona - UCSB 14

LUX WIMP Search, 85.3 live-days, 118 kg
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160 events observed (1.9 evts/d)
Expect 0.64±0.16 leakage below NR mean
Distribution consistent with ER backgrounds

127Xe 5 keVee
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Spin Independent Sensitivity
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Spin-dependent results

XENON10

CDMS

PICASSO

COUPP

SIMPLE

KIM
S

IceCube (bb̄)

IceCube W
+ W

−

WIMP Mass [GeV/c2]

S
D

 W
IM

P
−

p
ro

to
n

 c
ro

ss
 s

e
ct

io
n

 [
cm

2
]

 

 
proton

10
1

10
2

10
3

10
4

10
−40

10
−39

10
−38

10
−37

10
−36

10
−35

10
−34

10
−33

XENON100 limit (2013)

± 2σ expected sensitivity

± 1σ expected sensitivity

WIMP-neutron coupling WIMP-proton coupling

Phys. Rev. Lett. 111 (2013)

XENON10

CDMS

ZEPLIN−III

WIMP Mass [GeV/c2]

S
D

 W
IM

P
−

n
e

u
tr

o
n

 c
ro

ss
 s

e
ct

io
n

 [
cm

2
]

 

 
neutron

10
1

10
2

10
3

10
4

10
−40

10
−39

10
−38

10
−37

10
−36

10
−35

10
−34

XENON100 limit (2013)

± 2σ expected sensitivity

± 1σ expected sensitivity

XENON100

d�SD(q)

dq2
=

8G2
F

(2J + 1)v2
SA(q) SA(0) =

(2J + 1)(J + 1)

⇡J
[aphSpi+ anhSni]2

XENON100

42



10-47 cm2: ~ 1 event t-1 year-1

10-44 cm2: ~ 1 event kg-1 year-1

CMSSM 
MasterCode, O.Buchmueller et al
Eur.Phys.J. C72 (2012) 2243

Particle physics: SUSY predictions

Scattering cross sections on nucleons down to < 10-49 cm2(10-13 pb)
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