
Chapter 2
Direct Detection of WIMPs

2.1 Experimental Strategies for WIMP Detection

In the next chapters we are going to give an overview of the main WIMP search
strategies, which fall in three big categories:

• Direct searches probe the scattering cross section of WIMPs with nuclei, by look-
ing for nuclear recoils in some target material in a low background environment.
When a WIMP of the galactic halo passes through the target, it may scatter off a
nucleus, whose recoil will be measured by suitable detectors. The main astrophys-
ical uncertainty is due to the DM density in the Solar System and to its velocity
distribution.

• Indirect searches look for the products of WIMP annihilations in a number of
astrophysical objects, including the galaxy and his satellites, other galaxies and
galaxy clusters, as well as the Sun and the Earth.

• In LHC searches, DM particles (and generically the “dark sector”) are studied by
producing them in proton collisions, in association with other SM particles (being
very weakly interacting, WIMPs would otherwise be invisible at colliders, and
their typical signature is missing energy in the transverse plane).
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Pictorially, WIMP searches can be summarized with this diagram:

The simplicity of this representation is somehow misleading. The issue relies
in the interpretation of experimental data in terms of a model. In direct searches,
the momentum exchange is much lower than the other energy scales which enter
the process, and a non-relativistic operators approach is the most suited one. On
the contrary, the high energy reach of the LHC requires an interpretation in terms
of models whose cut-off is larger than the LHC energy scales (which we will call
UV complete models for simplicity), and a less model dependent EFT interpretation
is only possible at the price of poorer bounds. It should also be noticed that the
physical processes studied in these kind of searches involve very different energy
scales, and the effect of running should be taken into account [1].1 Finally, comparison
with indirect searches is also model dependent, and is only meaningful when DM
annihilation products include the main proton constituents (light quarks and gluons).

In this chapter we are going to discuss direct searches for WIMPs. The idea
dates back to 1984, when Goodman and Witten [2] proposed to try to detect WIMPs
by elastic scattering off nuclei in a terrestrial detector. The study was extended by
Drukier, Freese and Spergel [3] to include a variety of cold dark matter candidates, as
well as details of the detector and the halo model. They also showed that the Earth’s
motion around the Sun produces an annual modulation in the expected signal. We
will start by reviewing the predictions for signal event rates and signatures; then we
will turn to briefly discuss the backgrounds, and in particular the so called “neutrino
floor”; finally we will describe the current status of direct detection and some of the
planned future developments.

1The effect is nevertheless minor in the majority of cases, but could become important in view of
future precise measurements of DM properties, when (and if) WIMP will ever be discovered.
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2.2 Direct Detection: Prediction of Event Rates

Elastic scattering of WIMPs off nuclei has a rate per mass of target material

dR

dER
= 1

mN

ρ0

mχ

∫
V
d3�v f (�v + �vE ) v

dσ

dER
, (2.1)

where ER is the nuclear recoil energy, mN is the mass of the target nuclei, mχ is
the WIMP mass, ρ0 the local WIMP density in the galactic halo and dσ/dER is
the WIMP-nucleus differential cross section. �v and �vE are the WIMP velocity with
respect to the detector and the Earth velocity in the galactic rest frame (which can
be assumed to be constant, as far as we are not interested in modulation effects and
directional constraints). The function f is the WIMP velocity distribution in the
galaxy. The integration domain is defined in such a way that the WIMP velocity
with respect to the detector is larger than vmin, the minimal velocity of the incoming
WIMP in order for the scattering event to be detected. The energy that is transferred
to the recoiling nucleus is:

ER = p2

2mN
= μ2

N v2

mN
(1 − cos θ), (2.2)

where p is the momentum transfer, θ is the scattering angle in the WIMP-nucleus
centre of mass frame,mN is the nuclear mass and μN is the WIMP-nucleus reduced
mass:

μN = mN · mχ

mN + mχ
. (2.3)

The minimum velocity is given by:

vmin =
√
mN Eth

2μ2
N

, (2.4)

where Eth is the energy threshold of the detector.
In the simplest galactic model (the so-called standard halomodel, which describes

an isotropic, isothermal sphere of collisionless particles with density profile ρ(r) ∝
r−2) the velocity distribution of WIMPs is Maxwellian:

f (�v) = 1√
2πσv

exp

(
− v2

2σ2
v

)
. (2.5)

The distribution is truncated (and normalized accordingly) at the local escape
velocity, which depends on the position in the galaxy, such that f (�v) = 0 for
v ≥ vesc. The parameters used in the standard halo model are ρ0 = 0.3GeVcm−3 =
5 × 10−25 gcm−3 = 8 × 10−3M� pc−1, vc = 220kms−1 and a local escape velocity
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of vesc = 544kms−1 (see [4] for a recent discussion on the determination of these
parameters and their uncertainties). The underlying assumption is that the phase-
space distribution of the dark matter has reached a steady state and is smooth, which
may not be the case for the Milky Way, in particular at small scales. Also, it is
assumed that no DM disk is present in the Milky Way [5].

A rough numerical estimate of the scattering rate can be easily obtained [5].
Consider a WIMP scattering off a target nucleus, both with mass ∼ 100GeV. The
mean velocity of the WIMP relative to the target is roughly 〈v〉 ∼ 220kms−1. The
mean energy impinged on the nucleus is thus:

〈ER〉 = 1

2
mχ〈v〉2 ∼ 30 keV. (2.6)

Assuming a local dark matter density of ρ0 = 0.3GeVcm−3, the number density of
WIMPs is n0 = ρ0mχ, and their flux on Earth is:

φ0 = n0 × 〈v〉 = ρ0

mχ
× 〈v〉 = 6.6 × 104 cm−2 s−1. (2.7)

An electroweak-scale interaction will have an elastic scattering cross section from
the nucleus of σχN ∼ 10−38 cm2, leading to a rate for elastic scattering:

R ∼ 0.1
events

kg year

[
100

A
× σχN

10−38 cm2
× 〈v〉

220 km s−1
× ρ0

0.3GeV cm−3

]
. (2.8)

where A is the atomic number of the target nucleus.

2.3 Scattering Cross Section

Being theWIMP velocity of the order of 220kms−1, the average momentum transfer
may be estimated as

〈p〉 
 μN 〈v〉 , (2.9)

which is approximately 6–70MeV formχ between 10GeV and 1TeV. The scattering
happens then in the extremely non relativistic regime, and will be isotropic in the
centre of mass frame. The de Broglie wavelength corresponding to a momentum
transfer of p = 10MeV/c is:

λ = h

p

 20 fm > r0A

1/3 = 1.25 fm A1/3. (2.10)

This value is larger than the diameter of most nuclei, and therefore the scattering
amplitudes on individual nucleons will, in first approximation, add coherently. Loss
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Table 2.1 Non-relativistic operators for WIMP scattering on nuclei

O1 = 1 O9 = i �Sχ · (�SN × �q)

O2 = (v⊥)2 O10 = i �SN · �q
O3 = i �SN · (�q × �v⊥) O11 = i �Sχ · �q
O4 = �Sχ · �SN O10O5

O5 = i �Sχ · (�q × �v⊥) O10O8

O6 = (�Sχ · �q)(�SN · �q) O11O3

O7 = �SN · �v⊥ O11O7

O8 = �Sχ · �v⊥

of coherence will affect only the tails of velocity distribution, and it is typically
parametrized with a nuclear form factor.

The DM-nucleon interaction is determined by a set on non-relativistic operators.
The general Lagrangian is

Lint =
∑
N=n,p

∑
i

c(N )
i Oiχ

+χ−N+N−, (2.11)

where N±,φ± are non-relativistic fields involving only creation or annihilation oper-
ators, i.e.

N−(y) ≡
∫

d3k

(2π)3

1√
2mN

e−ik·ya†k , N+(y) ≡ (N−(y))† . (2.12)

The list of possible non-relativistic effective operators Oi is given in Table2.1 [6]
(here we limit ourselves to the operators which can arise from the exchange of spin-0
or spin-1mediators). Given, in the language of usual relativistic QFT, the Lagrangian
that controls the interaction of the WIMP with quarks and gluons, a “dictionary” to
translate it into the corresponding non relativistic operators is given in [6, 7].

Generically speaking, operators which are proportional to the velocity of the
DM particle or to the exchanged momentum result in a suppressed rate, since both
quantities are typically small. In addition, a further suppression is associated to the
nucleus spin. A special role in this discussion is played by the operators O1,O4.
They arise as the non-relativistic limit of

χ̄χq̄q , χ̄γμχq̄γμq −→ O1 , χ̄γμγ5χq̄γμγ5q −→ O4 (2.13)

with appropriate coefficients. They are special in the sense that they are the only oper-
ators which are not suppressed by powers of theWIMP velocity or of the momentum
transfer. For this reason, they are expected to dominate the scattering cross section,
as far as the coefficient in front of the relativistic operator is not vanishing in a spe-
cific model (as in the models that will be considered in Chap.9). These operators are
commonly referred to respectively as spin-independent and spin-dependent, without

http://dx.doi.org/10.1007/978-3-319-67606-7_9
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further specifications, and limits by experimental collaborations are typically set in
terms of the cross section obtained from them.

Assuming that only these two operators are present, the scattering cross section
of a WIMP off a nucleus is given by

dσ

dER
= mN

2μ2
N v2

[
σSI F

2
SI (N , ER) + σSDF

2
SD(N , ER)

]
, (2.14)

where FSI and FSD are the nuclear form factors, that depend on the recoil energy
and σSI and σSD are the cross sections in the zero momentum transfer limits, which
are given by

σSI = 4μ2
N

π

[
Z f p + (A − Z) fn

]2
, (2.15)

σSD = 32μ2
N

π
G2

F

J + 1

J

[
ap〈Sp〉 + an〈Sn〉

]2
. (2.16)

Here J the total spin of the nucleus and f p, fn and ap, an are the effective WIMP-
couplings to neutrons and protons in the spin-independent and spin-dependent case,
respectively. These can be calculated using the effective Lagrangian of the given
theoretical model. They depend on the contributions of the light quarks to the mass
of the nucleons and on the quark spin distribution within the nucleons, respectively,
and on the composition of the dark matter particle. The terms in brackets 〈Sp,n〉 =
〈N |Sp,n|N 〉 are the expectation values of total proton and neutron spin operators in
the limit of zero momentum transfer, and must be determined using detailed nuclear
model calculations. We can immediately see that the spin-independent interaction
cross section depends on the total number of nucleons, while the spin-dependent
cross section is in general smaller, and only relevant for nuclei which have a non-
zero spin in their ground state. The reason is that, for the typical DM momenta,
its associated de Broglie wavelength is larger than the nuclear size, so the particle
interacts coherently with all the nucleus seen as a collection of Z protons and A–Z
neutrons. In the spin dependent case this effect does not lead to an enhancement
of the cross section because, as it can be understood in terms of the nuclear shell
model, nucleons tend to form pairs of zero spin, and the total spin is given only by
the unpaired nucleons, whose number is typically not larger than one.

Let us now plug Eq. (2.14) into (2.1). If the scattering is dominated by its spin
independent part (which is always the case as soon as a spin independent interaction
occurs), and assuming for simplicity that f p = fn , we obtain

dR

dER
= ρ0 σ

p
SI

2μ2
pmχ

× A2F2
SI (N , ER) × F(vmin(mχ, ER, A); �vE ) , (2.17)

where we have defined σ
p
SI to be the scattering cross section on nucleons, and μp the

proton-WIMP reduced mass (which for practical purposes can be taken to be equal
to the proton mass if the DM is heavier than a few GeV). The factor
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F =
∫
V
d3v

f (�v + �vE )

v
(2.18)

encodes the effect of the DM velocity distribution in the halo, and depends non
trivially on mχ, ER and mN via the minimal velocity vmin. Written in this way
Eq. (2.17) is very convenient, because it factorises the effect of the DM velocity
distribution and the detector related quantities A and FSI (even if, of course, also F
depends on the target material).

Comparing the number of recoil events predicted by means of Eq. (2.17) with
data, limits can be derived on σ

p
SI (or, analogously, on σ

p
SD). Two limits are relevant

in order to understand the general feature of the bounds: when the DM particle is
very light compared to the target nuclei (mχ � mN ), the minimal velocity vmin in
order for the recoil energy to be detectable becomes very large, and the integration
domain of F closes up. The event rate then goes to zero, and limits get weaker.
In order to test lighter and lighter WIMPs, correspondingly light target nuclei are
needed. On the other hand, when mχ � mN the minimal velocity does not depend
on mχ any more, and the scattering rate is sensitive to the ratio σ

p
SI /mχ. For this

reason, for large mass limits are expected to degrade precisely proportionally to mχ.
The transition between these two regimes lies at mχ ∼ mN (depending also on the
threshold), and in this region limits are stronger. In the eventuality of the detection
of an excess, in order to disentangle σ

p
SI and mχ it would be necessary to obtain the

same measure with different target nuclei [8].

2.4 Backgrounds

The main challenge in direct detection experiments is to reduce the background
noise. The first source of background is constituted by environmental radioactivity
and cosmic rays (and their secondary products). Environmental radioactivity is faced
by shielding the detector and the target material with a combination of different
Z materials, with a low intrinsic radioactivity. In particular, the main challenge is
provided by neutrons, which can mimic aWIMP signal and constitute an irreducible
background, which has to be estimated by means of numerical simulations. The
hadronic component of cosmic rays is shielded by the many meters of rock above
the detectors which are normally built underground. High energy muons can instead
traverse the natural rock shield and produce a flux of energetic neutrons by interacting
with nuclei in the rock. These neutrons are in turn slowed down by scattering in the
rocks, and may scatter off nuclei in the detector with the typical WIMP energy.
In order to reduce these backgrounds a cosmic ray veto is necessary. An additional
complication results from the fact that the neutron flux has a seasonal variation which
canmimic theWIMP signalmodulation. Neutrons from cosmic raysmuonswill have
an increasingly important role in future experiments.
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Another threat to background rejection is posed by radioactivity in detector com-
ponents, both because of radioactive isotopes intrinsically present in the material
and because of long lived isotopes produced by cosmic rays during the exposure of
the detector and target material at the Earth’s surface. This background can only be
reduced by appropriate choices of the material and by reducing its exposure time at
the Earth’s surface.

The most serious issue for future high-sensitivity experiment will be posed by the
irreducible neutrino flux, the so-called “ultimate” background. Neutrinos come from
a variety of sources. The most relevant for direct detection experiments are neutrinos
from fusion reactions in the Sun, decay products of cosmic rays collisions with
the atmosphere and relic supernovae neutrinos. Neutrinos coming from radioactive
processes on Earth are subdominant [9].

There are two types of neutrino interactions to which dark matter experiments are
potentially sensitive: the first is νe− neutral current elastic scattering, and the second
is coherent scattering of neutrinos with target nuclei.

Electron recoils that arise from solar neutrinos from pp reactions have low ener-
gies but a very high flux. Depending on the detector capability of discriminate elec-
tronic and nuclear recoil, they may become a relevant background at cross sections
of 10−48 cm2 or lower [5].

Coherent neutrino-nucleus scattering has never been observed, but it is theoret-
ically a well understood phenomenon. Solar neutrinos (mostly from the decays of
8B and 7Be), atmospheric neutrinos and the ones from the diffuse supernovae back-
ground can undergo this kind of scattering. The typical recoil energy is quite lowwith
respect to the one expected by WIMP events, which will make neutrino background
even more problematic for future low threshold experiments. An indication of the
importance of this background is given in [10]. In this paper, the effect of increased
exposure is considered and it was shown that limits can not be pushed below a certain
threshold, depending on the DM mass. For a DM particle of mass 10GeV–10TeV,
the limit is at the level of 10−49–10−48 cm2, not far from the reach of next generation
experiments (as we will discuss in Sect. 2.6).

Strictly speaking, a discovery limit exists only if the spectrum of nuclear recoil
fromWIMPs and from neutrinos coincide. This is the case, for example, of a 6GeV
DM particle with the background of 8B neutrinos in a Xenon detector [10]. Oth-
erwise, a precise determination of the energy spectrum of the events will help in
discriminating between the two sources, together with the use of different target
sources.

The other two tools that will help in discriminating the neutrino background are
seasonal modulation and directional detection, which will be useful especially for
lightWIMP searches (since for heavy particles their kinetic energymay be large even
if the WIMP velocity is directed parallel to the Earth’s motion, resulting in a lower
relative speed). The effect of directional detectors is carefully computed in [11].
Notice that the detection of neutrino scattering in next generation direct detection
experiments can be also seen as a useful tool in order to precisely measure solar
neutrino fluxes and test our knowledge of solar physics and of the Standard Model
as well [12].
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2.5 Specific WIMP Signatures

In order to detect a WIMP-induced signal in direct detection experiments, a specific
signature unambiguously pointing towards a galactic halo particle would be needed.
This signaturemight beprovidedby theEarth’smotion around theSun,which induces
a seasonal modulation of the total event rate [3, 13]. The modulation has a purely
kinematic origin. The Earth’s velocity in the galactic rest frame is a superposition of
the Earth’s rotation around the Sun and the Sun’s rotation around the galactic centre.
As a consequence of this, the velocity distribution of the DM particles as viewed
from Earth varies with a period of 1year. The Earth’s orbital speed is much smaller
than the Sun’s one, and therefore the seasonal variation is a small effect that can be
parametrized as

dR

dER
(ER, t) 
 dR

dER
(ER)

[
1 + �(ER) cos

2π (t − t0)

T

]
(2.19)

where, under the simplifying assumption that the DM velocity distribution in the
galaxy is isotropic, T = 1 year and the phase is t0 = 150 days [5]. The amplitude of
the modulation �(ER) becomes negative at small recoil energies, meaning that the
differential event rates peaks in winter for small recoil energies, and in summer for
larger recoils energies.

Seasonal modulated phenomena are unfortunately ubiquitous on Earth, and there-
fore many effects can mimic a WIMP signal. For this reason, directional signatures
would highly improve the discrimination capability of direct search experiments [14,
15]. In particular, since the WIMP flux in the lab frame is peaked in the direction of
motion of the Sun, namely towards the constellation Cygnus, the recoil spectrum is
peaked in the opposite direction, leading to a very large forward-backward asymme-
try of orderO(v�/〈v〉) ≈ 1. Thus fewer events, namely a few tens to a few hundreds,
depending on the halo model, are needed to discover a WIMP signal compared to
the case where the seasonal modulation effect is exploited [15, 16]. The experimen-
tal challenge is to build massive detectors capable of detecting the direction of the
incoming WIMP.

2.6 Present Status and Future Development

Present upper limits and future prospects on the spin independent WIMP-nucleon
cross section are presented in Fig. 2.1. A large variety of techniques are employed in
directWIMP searches. Heat deposition, ionization, and scintillation are used in order
to detect the recoil energy in a number of different materials. In the lowWIMP mass
region (roughly below 6GeV) cryogenic detectors with a very low energy thresh-
old and light target nuclei perform the best. Currently, the best limits come from the
DAMIC [29], CRESST [18, 30], EDELWEISS [31] and SuperCDMS [19, 32] exper-
iments, as well as the liquid Xenon experiments LUX [33] and XENON100 [34]. For
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Fig. 2.1 Collection of bounds on σSI, from [17]. Upper limits are shown from CRESST-II [18],
SuperCDMS [19], Panda-X [20], XENON-100 [21] and LUX [22], together with projections for
DEAP-3600 [23], XENON1T [24], XENONnT [25], LZ [26] and DARWIN [27]. Updated results
from LUX [28] improve current best upper limits by roughly a factor of 4 in the region mχ �
100GeV

larger WIMP masses, liquid Xenon experiments are able to place stronger bounds.
The stronger ones come from the LUX experiment [22, 28, 33, 35], improving upon
previous bounds from XENON100 [21].

When spin dependent interactions are considered, nuclei with a non-zero intrinsic
angular momentum are needed. A particularly suitable one is 19F , which is part of
the target material of experiments as PICASSO [36], COUPP [37], SIMPLE [38] and
PICO-2L [39]. Themost stringent bounds for largeDMmass come from thePICO-2L
and LUX experiments, while for light DM PICASSO is stronger. The light spin 1/2
nucleus 3He could also be used for spin dependentWIMP interactions. The advantage
is that it is technologically feasible to obtain large amounts of highly polarized
material, which would help in rejecting the solar neutrino background [40], since
the polarization modulated amplitude is large for neutrino-nucleus scattering (and
can therefore cancel the polarization independent part if the polarization direction is
chosen properly with respect to the direction of arrival from the Sun) but small for
WIMPS due to velocity suppression.

In the past years, several anomalies were observed and later understood as due
to background processes, in particular in the low WIMP mass region (as the one
claimed by the CoGeNT experiment). Only two of them remain unexplained, by the
CDMS-Si [41] and the DAMA/LIBRA [42, 43] experiments. The former have seen
an excess of events over a very low background. The latter reports an annual variation
of single-scatter event rate at low energy, compatible with WIMP interpretation. In
both cases the relevant region in parameter space has been excluded by other searches,
and the situation is still far from being clear. It can surely be said that, up to now, no
settled WIMP signal has been seen by direct detection experiments.
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Several new experiments are in data-taking, commissioning or planning phase,
aiming towards improving the constrain capability both in the low and high WIMP
mass region. Among them it is worth remember DEAP-3600 [23], XENON1T [24],
XENONnT [25], LZ [26, 44] and DARWIN [27]. The latter, which will operate
multi-tons of target material, will probably be the first experiment able to reach the
region where the neutrino background becomes visible. To go beyond this point
several technological advances will be needed. Directional detectors will probably
be the next stage.

A complementary direction to the one of enlarging experiments is that of low-
ering the threshold by considering events different from nuclear recoils, in order
to improve the exclusion potential for DM masses in the range keV-GeV. These
include electronic recoils from ionization events [45–47], electronic excitation and
de-excitation with the consequent photon emission [45, 48], molecular dissociation
with the production of ions, and finally phonon or heat production [45], electron
scattering in semiconductor materials [47, 49, 50], in superfluids [51, 52] and in
superconductors [53, 54], exploiting bremsstrahlung in low recoil energy nuclear
scatterings [55] or the high velocity of DM particles from evaporation in the Sun
(a phenomenon which we will describe in details in Chap. 3) [56]. Interestingly,
searches in the low mass range could have directional sensitivity if performed with
2D graphene targets, as recently proposed in [57]. The information on the incoming
direction of the DM particle is retained by scattered electrons, and it is not lost in
further electrons’ scatterings inside the bulk material.

It should anyway be noticed that this discussion assumed that the interaction of the
DM with target nuclei is spin independent. When the interaction is mediated by an
operator different fromO1 in Table2.1 (i.e.when it is spin and/or velocity dependent)
constraints are much weaker, and the neutrino background is not a concern. Models
in which the spin independent part of the interaction is absent are non generic, but
have very interesting phenomenology as we will discuss in the example of Chap. 9.
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