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AN INTRODUCTION TO THE DIRECT DETECTION OF PARTICLE DARK
MATTER (WIMPS)

L. MOSCA

(C.E.-SACLAY - DSM/DAPNIA/SPP)

This is not a review talk, but a tentative introduction to the subject. After a reminder
of the Dark Matter problem, the main candidates are considered, especially focusing on
the WIMPs (Neutralino) detection. Among the different types of detectors, the
double-detection bolometers are particularly emphasized. After some model
independent considerations, the procedure to extract physical results (exclusion plots
or evidence of asignal) from the measured recoil energy spectrais described.
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1. Introduction (TheDark Matter Problem) [1]

Since about 70 years astrophysicists observe incressing evidence for the presence of
Dark Matter (and/or Dark Energy) in the Universe.

Sarting from the gdactic scde (flat rotationd curvesin spird gdaxies) up to the largest
dructures in the Universe (anomaous velocity disperson of objects in gdaxy clusters)
gravitationa effects are observed which cannot be explained by the presence of "luminous
meétter” done.

At the gdactic scae, the discrepancy between the observed rotation curves and the
curves caculated on the basis of known matter done is increasing with the distance of the
observed object from the center of the galaxy. In addition the ratio of Dark Matter over
Luminous Matter isincreasing with the scale of the considered structures.

From atheoretica point of view, two predictions are relevant to the Dark Matter/Dark
Energy problem:

- thelnflation Modes (mainly proposed to avoid the problem of the fantegtic fine-tuning
reguired for theinitia conditions by the classical big bang modd) predict that the average
density of the Universe (r ) isequal to the "critical density” (r o) that is the density just
corresponding to the trangtion between an open /cdosed (expanding for
ever/recontracting) Universe. This prediction is usudly written as W = 1, where
W=r I ¢

- thePrimordial Nucleosynthess (taking placein between [ 1sec and O 1min after the big
bang) predicts for the fraction of baryonic Dark Matter : WgaRryonic < 0.1

(WBARYONIC équa about 0.05).
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So a the gaaxy clusters level non-baryonic Dark Matter dominates over baryonic Dark
Matter. At the gaaxy leve this was not evident until microlenss experiments (EROS,
MACHOQ,...) put quite strong limits on the baryonic Dark Matter component (about 10 to
20%), so that it is important to further investigate the non-baryonic candidates for Dark
Matter as discussed in the following.

Teaking into account both experimental observations and theoretica predictions (and
dlowing for a non-zero cosmologica congtant (L)), the presently most supported scenario
looks like the one shown in Table 1 (see dso Table 2 for the definition of the particle Dark
Matter candidates anticipated here):
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2. Dark Matter candidates

Teble 2 summarizes the main proposed candidates both baryonic and non-baryonic. Some
comments are needed to understand thistable.

In the baryonic sector ("Astrophysics’) : White Dwarfs represent the fina stage of "normal
dars' (that is stars with a mass, in the main sequence, between 0.1 and 3 solar masses).
Brown Dwarfs are compact objects with a mass below the ignition threshold (mass O 0.08
solar masses ), that is the minimum mass needed to sart the full thermonuclear fuson cyclein
the core of the object. Jupiters are hypothetical big planets with a mass of the order of the
Jupiter mass. Neutron Stars and Black Holes are the find states of Supernovae, that is stars
with amass, in the main sequence, respectively larger than 0 3 solar masses and O 10 solar
Masses.
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A specid candidate in the baryonic sector is represented by the cold H» gas: its presence as a

halo enveloping the Spird Gaaxies, could explain smultaneoudy the Dark Matter problem
and some other o far unexplained features of thistype of gadaxies (like the "gas consumption
problem"”, etc.). The difficulty here is in the fact that molecular Hydrogen can only be
detected indirectly and only few messurements are available up to now.

Table 2 Dark Matter candidates
Jupiters, Brown Dwarfs, White Dwarfs,
BARYONIC| Neutrondars, Black Holes,
ColdH,
HOT Dark
Matter (HDM) | lightn (O few tensof eV)
relativigic
VIPS
WIMPS (Weskly Interacting
THERMAL Massve Particles) :
RELICS |COLD Dark |~ Tesven:
M atter Dirac
NON- Mgorana (O 20GeV)
BARYONIC (CDM) non- | _gsy particles
rdaivisic | Neutralino (Photino) ( 0 20 Gev)
S-neutrino
NON- | Axions (0 105 ev)
THERMAL | \1onopoles (01016 Gev)
RELICS

In the non-baryonic sector ("Particle Physics'): we have first of dl to distinguish particles
which, in afirgt stage were in therma equilibrium with radiation and then decoupled, from
particles which have never been in equilibrium with radiation.

Then, in the first category, we have again to make a distinction between particles which, a
the moment of their decoupling, were rdativistic (Hot Dark Matter) and particleswhich were
not relaivigtic (Cold Dark Matter).

From the point of view of structures formation in the Universe, the Cold Dark Matter is
required to explain the formation of smal structures (gaaxies ) and the Hot Dark Matter is
needed to explain the formation of large structures (cluster of gdaxies and so on).

To the Hot Dark Matter class belong the light neutrinos (ig Nm Nt) which represent the

only particle candidates aready known, while their mass is still unknown: only upper limits
have been determined (m(ng) < 7.2 eV, m(ny) < 170keV, m(nt) < 18.2 MeV).
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The Cold Dark Matter class contains essentialy the Weskly Interacting Massive Particles
(WIMPs). These can be massive neutrinos of ether Dirac or Mgjorana (=sdlfconjugate) type
or Supersymmetric (SUSY)) particles (s-neutrino, neutraino).

Dirac neutrino and sneutrino are practicaly excluded by Germanium and scintillator
experiments, while only some mode-dependent lower limits are put by LEP experiments on
the masses of Mg orana neutrino and neutralino.

Two other Cold Dark Matter candidates are the Cosmions (ad hoc proposed particles to
solve smultaneoudy the Dark Matter and the Solar Neutrinos problems) and the SIMPs
(Strongly Interacting Massive Particles). Cosmions are excluded by Silicium, Germanium and
scintillators experiments, while SIMPs are ill under investigation.

Neither Cosmions nor SIMPs candidates are supported by a fundamenta theory. In
paticular for this reasson WIMPs candidates , and especidly Neutrdino, the Lightest
Supersymmetric Particle (LSP) of the SUSY theory, are presently preferred.

Among the non-thermd relics, two candidates are of specid interest: Axions and Monopoles.
Axions are particular bosons coupled to photons. They were introduced by Peccel and Quinn
in the Standard Modd to explain CP consarvation in - strong interactions. A rather narrow

mass window is left by experiments around 10 eV. Monopoles are rdic "topologica

defects' of very large mass (O 1016 GeV) predicted by Grand Unification Theories (GUT),
and il under experimentd investigation.

3. How todetect wimpsdirectly? [2]

The WIMPS mass can range between [0 1 GeV and 00 1 TeV and their cross section with

ordinary matter isof the "wesk type’ ( S\wimps.-N < 10738 g2 ).

Of specid interest, from the point of view of Dark Matter, is the Lightest Supersymmetric
Paticles (LSP), the neutrdino. In the smplest versons of SUSY (with R-parity
consarvation) the neutralino is gable, so that it is a good candidate as a relic paticle in the
Universe

The neutraino is acomplex object : it isin fact alinear combingtion of 4 particles (1 photino,
1 zino, and 2 Higgsnos). In addition its interaction with ordinary matter is depending on
severa parameters (O 7 ) which are free, to some extent, in the present formulations of the
SUSY theory. These parameters controle the actua relaive proportion of two basic couplings

SPIN-INDEPENDENT (COHERENT): Sywyimps.n 0A2 (1)

where A isthe Atomic mass number of thetarget nucleus N, and
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SPIN - DEPENDENT (AXIAL ): Sywyimps.N O CI12I@3+) (2

where C = < Hadronic Matrix Element > of the "odd nucleon” in the nudleusN and | > = [J
(3+1) +s(st+1) - | (1+1)] / 23 (F+1) [Landé factor] in the single-particle Shell Modd of nuclei
(here Jis the nudeus spin, while s and | are the spin and the orbital momentum of the odd
nucleon).

How to detect WIMPS directly? At first sight the answer is smple: "by elastic scattering on
nucle" [3] that is by measuring the recoil energy of the scattered nucleus in the dadtic
reaction :

WIMP+N -> WIMP +N' €)

But three kinds of difficulties gppear immediately:

» therates of these events are amdll. In fact the expected events rate will depend from the
type of dominant coupling and typical vauesare:

- oneor less events'day/kg for a dominant coherent coupling (neutralino with both Zino
and Higgsino(s) components, Cosmions, Dirac n, and s-neutrino), and

- lessthen 0.1 events/day/kg for a dominant spin dependent coupling (neutraino which is
mainly photino and/or zino or is pure Higgsino, and Majorana n).

» therecoil energiesareaso smdl (typicaly from O 1to [0 100 KeV)

» and, last but not leadt, the background is comparatively very high. Thisis of two origins

- the (secondary) cosmic rays which are disturbing in two ways : by directly deposing
energy in the detectors and by activating the nuclel of the materiads (crystals, housings,
€tc) composing these detectors (cosmogenic radioactivity). For this reason it is essentid
toingtal the detectors degp underground.

- theradioactive background (in addition to the component of cosmogenic origin). For that

itisnecessary :

to shield (with P, Cu, etc) the detectors from the environment

to use very low activity materias (by sdlection and/or purification)

to maximize the intrindc reection power of the detectors, by Pulse Shape
Discrimination (PSD) of the signds and/or by the smultaneous detection of two
different physical quantities (heet and ionization or heat and scintillation).

Now the important question is. which are the possible signatures for the WIMPS direct
detection?
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The WIMPS are expected to form a roughly spherica halo, essentidly non rotating as a
whole, enveloping our Gaaxy (and much bigger then it), their speed following a Maxwell-
Boltzman distribution, of root mean square 0 300 Km/sec and their

locd densty in the Sun'sregion being O 0.3 GeV/emS3.

The solar system instead is rotating (as dl other stars) around the center of the Galaxy with a
speed of 00 245 Km/sec. As a consequence we are sweeping this “gas of WIMPS' and thelr
speeds digtribution gppears to us as the convolution of a Maxwell-Boltzman distribution
with the speed of the Earth. So the average speed of WIMPS, as measured in a terrestrid
experiment,is: <v, >0 360 Km/sec (b O 10'3).

Due to the revolution motion of the Earth around the Sun, the average <, > is not really
congtant but modulated between June and December, thus producing a modulation of the
average WIMPSflux (and of the average nuclear recoils energy) of the order of 5to 10%.

This annua modulation potentidly represents an important signature of WIMPS showing in
thisway their astrophysicd origin.

An additiona signature can be obtained by considering that the events rate is depending on
thetype of nuclel used astargets, in away predicted by the theory.

4. Different typesof detector

We condder firg the dassicd semiconductor detectors (Germanium and Silicium), at
liquid N» temperature, then the crystal and liquid scintillators a room temperature and then

the Bolometers operating a very low temperature (few millikelvins) which represent the
most ambitious approach to the WIMPs detection.

Other types of detector a the R&D stage, such as superconducting grains, superheated
liquids (freon bubbles), ancient micaand Track Projection Chambers (TPC), are not described
here

4.1. "Classical" Semiconductor Ge (S) detectors

The basic working principle of these detectors is that a crossing ionizing particle or

radiation creates (€7, hole) pairs in the crystd, then collected by an dectric fidd (d1kV/cm)
and s0 producing a signd which is a measure of the deposited energy. Since severd years
Geamanium crysas are used as poweful gand b detectors, mainly because of their
impressive resolution (01 KeV a 1 MeV) due to the smdl vaue of the energy needed to
create an (e-, hole) pair (O 3 eV). One remarkable application isin the 2b experiments (MeV
energy range), becausein this case Geis at once the source and the detector (“°Ge isotope).
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Then these detectors have been optimized for Dark Matter (WIMPs) search
(energy range of a few KeV). The remakable peformances of the Hedeberg-Moscow
detector have to be stressed, dthough its energy threshold is higher then in some of the older
experiments. The Heavy Dirac neutrino candidate is largely excluded by these reaults.

Limitations of these detectors are the microphony problem a low energies, the
eectronic noise and, last not least, the aasence of background rejection power.

1.2. Scintillation detectors

The basic sat-up in this case is a crystd (or liquid) scintillator emitting light when
crossed by an ionizing paticle or radiation. This light is collected by one or more
photomultipliers, coupled to the scintillator directly or through some light guides. Typica
vaues of the senditivity are 5 to 10 photoelectrons per KeV.

In spite of their poorer resolution compared to Ge detectors, scintillators present
some other interesting features. Scintillation detection is a well known and smple technique
(usudly no cooling needed), the ratio cost/mass is reasonably low, and awide choice of target
nucle iscurrently available.

In particular some of the scintillators (eg. Nal(Tl)) have a good light output and a
possible (@so if difficult a low energy) Pulse Shape Discrimination (PSD) , as well as non

zero spintarget nudlel (23Na, 1271, 195, 129 ) . Other specific reasons of interest are
the very high predicted axial coupling for the 19F nudleus and the high estimated Quenching
Factor of liquid Xenon. (The Quenching Factor (QF) for nuclear recoils is here the
scintillation efficiency relaive to that of eectrons of the same kinetic energy).

1.3. Bolometers

From the ancient Greek : bol h' (= ray, lit.: something thrown), this term is presently
used to designate very sensitive thermometers (including, by extension, the associated heat
absorber) operating at very low temperature (O 10 mK). The reason for going down to so low
temperatures follows from the basic relation:

DT = DE/C(T) where: C(T)O T3 for pure didlectric crystals and
superconducting metas

(T is the temperature in absolute scale, DE the deposed energy, DT the conseguent
temperature increase and C(T) the specific heet of the crystd). Typica crystds are Saffire
(Al203), Germanium, LiF, TeOp, etc.
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Sinced 1984 (Fiorini, Coron, ...) the problem of detecting the heet deposited by
individua eementary particlesis basicaly solved (remind that 1 KeV of deposited energy O

1.6x 1016 Joule).

Why using bolometersto detect WIMPs ?

As dready stressed in section |1, the main chdlenge is the suppression and/or
rgection of the radioactive background. To do that the maximum information is highly
desrable, while in usua detectors the hest, which represents a large fraction (O 2/3 in
Silicium) of the deposited energy, is generdly logt. In addition the quanta of thermad energy
(phonons) are very tiny (10‘4 -10° €V) so a potentidly very low threshold and very good
resolution are expected.

Moreover the possibility of measuring smultaneoudy another form of deposited

energy (ionizetion or scintillation) makes these detectors especialy adapted to background
reection.
Stated by the CDMS (Berkdley-Stanford) group, the ionization-heat bolometer technique is
aso operationd in the EDELWEISS (French) experiment based in the Laboratoire Souterrain
de Modane (LSM). The attached figure shows the impressive separation power, between
nuclear and electron recail events, of a massive (320g) Ge ionization-heet bolometer. Thisis
exposed to a source of both neutrons (producing nuclear recoils, so smulaing WIMPs
interactions) and ¢'s (producing electrons recails, as it is the case with residud radioactivity
when the source is removed).
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Fig. 1 Neutron and gcalibration of a 320g Germanium ionization-heat
bolometer of the EDELWEI SS Collaboration, exposed to a**Cf radioactive source.
The neutron events are centered around the value Q=0.3 (and gevents around the
value 1) of the Quenching factor (here defined as the ratio of the ionization energy
on the recoil energy). In other words, the ionization efficiency of a nuclear recoil is
about 1/3 of the ionization efficiency of an electron recoil of the same kinetic
energy.

On the other side, the CRESST (Munich-Oxford) group is successfully developing a
method of measuring both heet and scintilletionin CawO, crydtals.

5. DATA ANALYSIS(from energy spectrato exclusion plotsor signal
detection)

Whatever the detector considered, the experimentd results consist of messured spectra
of the energy deposited in the absorber of the detector. The purpose of the andysis is to
extract from these spectra a possible evidence for a WIMP signd or, at leedt, a 0 caled
‘exclusion plot’, thet is the region of WIMP cross section and mass that the experiment
dlowsto exdude a agiven confidence leve.

What we dready know in this process belongs to two sectors:
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astrophysics tdls us essentidly the globa mass of Dark Maiter (baryonic and non-

baryonic) present in agiven region (< R) of our gdaxy, theloca dendty r as afunction

of the distance R from the center of the galaxy (equd to about 0.3 GeV/cm3 in the region

of the solar system), the average speed of WIMPs (O 360 Knvsec) and their escape
velocity from the galaxy (about 700 km/sec in the region of the solar system)

nuclear and particle physics tdls us the shape of the nuclear recoil energy (E7)

spectrum as a function of the WIMP mass (M) , while its normalization depends on

the WIMP-nucleon cross section, the local WIMPs number density and theWIMPs

average speed:
dN/dEr O < viv> (r /M)w (Sw-n) exp(-Er /<Er>) 4
where: <Eg> 0 M, (My /(My+ My))? (5)

What is unknown and so needs to be investigated are the WIMP s mass and the
cross section of itsinteraction with ordinary matter.

Firgt of al, some smple remarks can be made independently of any specific modd:

a) the dope of the recoil energy digtribution (1/<Ez> ) decreases when the WIMP mass (M,
) increases

b) since the tota amount (mass) of the WIMPs dark matter is fixed, their number density is
inversely proportiona to the WIMP mass (M)

g for afixed (measured ) events rate, the WIMP cross section is proportiond to the WIMP
meass : thisexplainsthe wdl known generd behaviour of the excluson plots.

Now to dlow a comparison between experiments using different detectors, where the
target nude are in generd different (and between experimentd results and  theoretica
predictions), the usua method is to extract from the energy spectra of each experiment cross
section vaues (or limits) for WIMP-proton interaction, whatever the target nucleus of the
specific experiment.

For that we have to digtinguish the two possible types of coupling : coherent (spin
independent) and spin dependent. By using respectively formula (1) and formula (2) (their
complete expressons are given, for example, in ref[4]) we can derive the following
transformation relations (with quite obvious notations for the WIMP-proton (or WIMP-
Nucleus) reduced masses and for coherent (CH) or spin dependent (SD) form factors (FF)) :
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Fig. 2 Exclusion plots for the case of spin independent coupling, as obtained in
some of the running experiments. (The closed curve indicates the region where an
evidence for a signal is claimed by the Nal scintillator DAMA experiment).The
upper region of the SUSY(MSSM) theory predictions is represented by the hatched
area.

Sw-p(spinindep.) = (NFreq (WIMP-p) / (NTreq (WIMP-N) A% FF4))S w-n(spin indep.)
©)

S w-p(spin dep.) = (Mreq (WIMP-p) (% I (D), / (NTrea (WIMP-N) (* J (D) FFop))
Sw-n(spindep)  (7)

Then we have to compare the expression (4), coupled with the relation (6) (or (7)),
with the experimental spectrum for each vaue (interva) of the WIMP mass and deduce the
corresponding value for the lower limit of the WIMP cross section. In such away we obtain
two curves (one for each type of coupling), usudly called ‘excluson plots'.
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An example of results of thisexerciseis given in fig. 2 by the exclusion plotsfor the
case of spin independent coupling, obtained in some of the running experiments.

To investigate a possible evidence for a WIMP signd, first it is necessary to minimize
the intrinsic radioactive background (due both to photons and to neutrons) and/or reject it as
much as possible. Then, if some candidates subsist, then the two signatures discussed in
section 3 (annua modulation and multiplicity of target nuclel) dlow to check the rdiability of
these candidates.

6. Conclusion and outlook

The WIMPs (Neutralino) detection has a three-fold fundamentd purpose : 1) contribute to
solve the Dark Matter problem, 2) supply a mechanism for the galaxies formation 3) support
the SUSY theoretica approach.

The search in this fidd is now a a ‘turn over’ because it garts to probe the SUSY

parameters predicted region.
To go deeper indde this region, new efforts on the detectors development are needed

in order to:

further decrease their intrinsic background

further improve their rejection power againg both resdud radioactivity, producing

eectron recoils, and residua neutrons, producing nuclear recoils in the detector (as

WIMPs are supposed to do!)

increase their massto the ton scale
and dl that desp underground.
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