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Dark matter is at presert one of the most exciting eld of particle physics and cosmology. We review
the status of undergound experiments looking for cold and hot dark matter.

1 Intro duction

The physics motivations to seard for dark
matter are manyfold.

Recent investigation of the cosmic mi-
crowave badkground radiation (MAXIMA,
BOOMERANG, DASI) together with large
scalestructure results x + 1,
where (= = ) stands the for dark
energy and ., for matter. With the early
nucleosyrthesis constraint of 5 0.04 the
need for non-baryonic dark matter is evi-
dent. This is true even for our galaxy, since
MA CHOs represent only a small fraction of
galactic dark matter?.

Natural candidatesfor cold non-baryonic
dark matter exist in the lightest SUSY par-
ticles, usually assumedto be the neutralinos.
Although there exist other candidatessuc as
axions?, neutralinos seemto be the favored
candidatesat presen.

Hot dark matter, accordingto CMB and
LSS (Redshift-Survey) results still cortribute
up to 38% of the dark matter3’. This corre-
spondsto a sum of neutrino masses< 5.5eV.
Neutrino oscillation experiments proved that
the neutrino massis not vanishing, can, how-
ever, not give absolutemassscales.

Our preser picture of the mass/energy
distribution in the Universe is as given in
Fig.1.

In this presenation we shall concernrate
on the terrestrial direct seard for cold and
hot dark matter. In section 2 we discussthe
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Figure 1. Our present un-
derstanding of the mass/energy composition of the
Univ erse.

expectations for cold dark matter from SUSY
models. In section 3 we discussthe experi-
mental situation in direct seard for cold dark
matter in Underground Laboratories, and the
future possibilities. In section 4 we outline
hot dark matter seardr. The most sensitive
way to look for an absoluteneutrino massis
at presert double beta deca. Section5 gives
a conclusion.
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2 Exp ectations
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Figure 2. (a): WIMP-n ucleon cross section limits in
pb for scalar interactions (a)as function of the WIMP

massin GeV. Shown are contour lines of present ex-
perimental limits (solid lines) and of projected ex-
periments (dashed lines). Also shown is the region
of evidence published by DAMA. The theoretical ex-
pectations from the MSSM are shown by two scat-
ter plots, - for accelerating and for non-accelerating
Univ erse (from 8) and from the SUGRA by the grey
region (from ?). Only GENIUS will be able to probe
the shown range also by the signature from seasonal
modulations. (b): WIMP- proton elastic scattering
cross sections according to various MSUGRA models
(seetext). From10,

Direct seard for WIMPs can be done

(8) by looking for the recoil nuclei in
WIMP- nucleus elastic scattering. The sig-
nal could be ionisation, phononsor light pro-
duced by the recoiling nucleus. The typi-
cal recoil energyis a few 100eV/GeV WIMP
mass.

(b) by looking for the modulation of
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the WIMP signal resulting from the seasonal
variation of the earth's velocity against the
WIMP ‘wind'".

The expectation for neutralino elastic
scattering cross sections and masseshave
been extensively analysedin many variants
of SUSY models.

Figs.2,3 represert the presern situation.
The SUSY predictions Fig.2a, are from the
MSSM with relaxed uni cation conditions®
and the MSUGRA model’. Fig.2b shows
the result of a study 'at Post-LEP Bendch-
mark points' basedagain onthe MSUGRA°.
While Figs.2a,b are for spin-independert in-
teraction, Fig.3 shows the case for spin-
dependert interaction. Present experiments
only just touch the border of the area
predicted by the MSSM. The experimental
DAMA evidencefor dark matter lies in an
area, in which MSUGRA models do not ex-
pect dark matter. They would require be-
yond GUT physicsin this frame!?.
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Figure 3. Expectations (grey area) from the
MSUGRA model® some as in (Fig.2a), but for spin-
dependent interaction.  Solid lines correspond to
present experimental limits, dashed lines to future
projects.

It is clear from extensive theoretical
work that high-sensitivity dark matter exper-
iments can yield an important contribution
to SUSY seard. Fig.4 (from??) shows, in
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the MSUGRA model, the SUSY reach con-
tours for di erent accelerators(LEP2, Teva-
tron, LHC, NLC) together with direct detec-
tion rates in a "3Ge detector. It is visible
that a detector of GENIUS-sensitivity op-
erates in SUSY seart on the level of LHC
and NLC. Fig.5 shows another study in the
MSSM with relaxed uni cation conditions.
Non-obsenation of Dark Matter with GE-
NIUS would exclude a ‘light' SUSY spec-
trum (all sfermion massedighter than 300 -
400GeV) and any possibility for a light Higgs
sectorin the MSSM.
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Figure 4. Direct detection ratdRin events/kg day in
a "®Ge detector. Added are SUSY reach contours
for LEP2, Tevatron (MI), LHC slepton signal and
NLC. TH - excluded by theoretical considerations.
EX - excluded by collider searchesfor SUSY particles
(from 12),

If classifying the SUGRA models into
more g -2-friendly (I,L,B,G,C,J) andlessg -
2-friendly models, accordingtol?, the former
oneshave good prospectsto be detectable by
LHC and/or a1TeV collider. GENIUS could
ched not only the larger part of these ones,
but in addition two of the lessg -2-friendly
models(E and F), which will bedi cult to be
probed by future colliders (seeFig.2b). This
demonstrates nicely the complemenarity of
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Figure 5. Dieren t lower bounds for THe"t5taC¥vent
rate in 3Ge (events/day kg) versus mass of the LSP
(GeV). Here Mgq:c 1 ;1 | denote massesof the squark,
the charged Higgs boson, and the light neutral CP-
even Higgs boson, respectively. The heavy chargino
mass is denoted as M, os. \Full" corresponds to
the lower bound obtained from main (unconstrained)

scan, and \ligh t spectrum” denotes the lower bound
for R, which is obtained with all sfermion masses
lighter than about 300GeV. The horizontal dotted

line represents the expected sensitivit y for the direct
dark matter detection with GENIUS (from 8).

collider and underground researd.

It might be mertioned that in caseofg -
2 - unfriendly models,i.e. thosewith very low
crosssectionsin Figs.2b, it might be required
to turn from spin-zero targets and looking
for spin-independen interaction, which usu-
ally for not too light nuclei givesthe largest
crosssections,to spin- non-zerotarget nuclei
and spin-dependert interaction®. It hasbeen
shown recertly & that if spin-zeroexperiments
with sensitivities of 10 5-10 ° events/kg day
will fail to detect a dark matter signal, an ex-
periment with nonzerospin target and higher
sensitivity will be able to detect dark matter
only due to the spin neutralino-quark inter-
action (seeFig.6).

3 Cold Dark Matter
Future

- Present and

Summarizing the presert experimental sta-
tus, presert and also future projects can be
categorizedin two classes:

1. Sensitivity (or sensitivity goal) 'just
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Figure 6. Ratio of spin-dependent event rate to spin-
independent event rate in 3Ge as function of LSP
mass (upp er left), of total (spin-dependent plus spin-
independent) event rate (lower left part), and of
scalar cross section of neutralino-proton interaction
(lower right) obtained with 0.1<  hg? <0.3. The
vertical line gives the expected sensitivity of GE-
NIUS. In the region above the horizontal line the spin
contribution dominates. The total event rate versus
gaugino fraction of LSP is also given (upp er right).
(From®).

for' con rmation of DAMA.

2. Sensitivity to enter deeply into the
range of SUSY predictions.

Only very few experiments may become
candidatesfor category 2 in a foreseeabléu-
ture (seeFigs.2,3), and as far as at preser
visible, of those only GENIUS will have the
chance to seard for modulation, i.e. to
chedk, like DAMA, positive evidence for a
dark matter signal.

Figs.8,7 give an overview of presen and
future experiments. Presert sensitivity lim-
its are givenin Figs.2,3. The at presert most
sensitive experiments DAMA 4546 - CDMS#’
(and Edelweiss’) are claimed '3 not to
be fully consistent, although CDMS can at
presert not excludethe full DAMA evidence
region 1513, Someproblemsin the data anal-
ysis of CDMS have been revised recertly 14
One of the main problem of the cryodetectors
is to obtain good numbers of badkground in
the rawdata, i.e. of the starting valuesfor the
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rejection procedure. This is also the reason,
why simple cryogeniccalorimeterssuc asthe
CRESST 127:16 and the Milano*32 bolome-
ters seemnot fully competitiv e.

Direct detection:

- lonization detectors - Ge

HEIDELBERG-MOSCOW
HDMS (Heidelberg Dark Matter Search exp

-Scintillation detectors - Nal
DAMA  NAIAD
- Cryodetectors
CDMS
EDELWEISS
CRESST
LiF bolometers
ROSEBUD

- Xe detector
ZEPLIN Il

- Superheated droplet
PICASSO / SIMPLE

- Drift chamber (diurnal modulation)
DRIFT

- New lonization Detector Approaches
GENIUS - TF

GENIUS GEDEON

Indirect detection:
- Ice Cerenkov Detector (AMANDA)

- Water Cerenkov Detector (ANTARES)

Figure 7. List of some of the main presernt and future
dark matter experiments.

The at presert most sensitive experi-
mernts using raw data are
the HEIDELBER G-MOSCOW experiment?*
and the HEIDELBER G Dark Matter Seard
Experimert (HDMS)?28:26:30 HDMS usesa
special con guration of Ge detectors, with
an enriched *Ge detector embedded into a
natural Ge-detector (Fig.9a). Results of the
pilote project are givenin?®26. The nal con-
guration with the enriched "®Ge inner detec-
tor is in operation since February 2001.

The experimental future of the eld is
alsoillustrated in Figs.2,3. A useful overview
is given in®, and for Ge detectors in?!. For
an earlier review se€®.

The cryogenic projects are CDMS 11,
CREST Il, Edelweissl|. In contrast to CDMS
and Edelweiss which do its active badk-
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The Potencial of World Dark Matter Underground Experiment
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Figure 8. Status of some running and future Dark Matter experiments.
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Figure 9. HDMS and DRIFT experiments.
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ground rejection by looking for ionisation and
phonons,CRESST Il plansto usesimultane-
ous detection of light and phonons. CDMS
Il plansto use42 detectorswith atotal mass
of 6.8kg of Ge by 2006in the Soudan mine,
CRESST Il plansto have 10kg of CdWOy,
in the Gran Sassoin somefuture. The cryo-
genic experimerts are, however, operating at
presert only 600g of detectors or less after
a decade of dewvelopmert. CDMS has col-
lected only 10.6kg d of data over this time (in
1999, since then no measuremet) *3, Edel-
weissonly 4.53kgd’. Therefore, they may
have sewere problems to expand their small
detector massesto seweral tens of kg or bet-
ter 100kg, asrequired for modulation seard.
This meansthat although e.g. CDMS |1l may
reach a future sensitivity in an exclusionplot
asshown in Fig.2b, it will not be ableto look
for the modulation signal. A generalproblem
in the presert stagestill seemsto be the re-
producibility of the highly complicated cryo
detectors. In spite of this, phantasy is large
enough, to dream already about 1ton cryo

detectors systems=,
Other far future projects are the super-
heavy droplet detec-

tors PICASSO/SIMPLE 3. They are work-
ing at presert on a scaleof 15 and 509 de-
tectors. Their idea is to use 10-100 m di-
ameter droplets of volatile C4F19, C3Fsg, ...
in metastable superheated condition and to
choose critical energy and radius such that
only nuclear recoils can trigger a phasetran-
sition, but not and particles. The acous-
tic signal of the explosive bubble formation
will be obsened. The expected sensitivity
of a 1ton module for spin-dependert WIMP-
nucleoninteraction is shavnin Fig.3 - asSDD
1ton (for an assumedU/Th contamination of
10 ¥ g/g - U/Th -emitters can causerecoil
everts!). A drawbac is that these detectors
cannot measureenergy spectra of WIMPs.

A very promising project which would
yield a nice signalidenti cation, is DRIFT in
the Boulby mine. It is aiming at looking for
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the diurnal directional modulation (Fig.9b).
The ideais to detect tracks of nuclear recoils
in a TPC with Xe(Ar) by a multiwire read-
out. A 1m?3 prototype (1.5kg Xe) is under
construction. It is seenas rst componert of
the full 20m® DRIFT experiment3*4.

Towards Data Acquisitior

Liquid
Nitrogen|

ol
Lead or Coppe

Standard Boliden Lead

A N
(@) “>Boron Polyethelene

— 90cm  —ms

Clean-Room

Ge-Detectors

x.

Liquid Nitrogen Isolation Steel-vessel

12

Figure 10. (a): Conceptual design of the Genius TF.
Up to 14 detectors will be housed in the inner detec-
tor chamber, lled with liquid nitrogen. As a rst
shield 5 cm of zonere ned Germanium, or extremely
low-level copper will be used. Behind the 20 cm of
polystyrene isolation another 35 cm of low level lead
and a 15 cm borated polyethylene shield will com-
plete the setup. (b): GENIUS: 100kg of naked Ge
detectors are suspended in a huge tank of liquid ni-
trogen.

The ZEPLIN project uses scirtilla-
tion and electro-luminescencein two-phase
xenon. Plans for ZEPLIN Il are 0.01- 0.1
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counts/kg d and 20kg of Xe. While still wait-
ing for results of ZEPLIN |, plans are already
discussedfor a ZEPLIN V18,

To return to the more 'earth-bound'
projects: DAMA will extend their mass
to 250kg, and plans to start operation in
summer 2002°, Also the NAIAD project
(Boulby mine) plansto useNal - 40-100kg of
Nal in a liquid scirtillator Compton veto®.
The projected NAIAD limits for 100kgy ex-
posure are 0.1c/ kgd. Becauseof the large
massit will be possibleto look for modula-
tion.

The HDMS experiment
and the GENIUS-TF experiment#0:41:28 gim
at probing the DAMA evidence(seeFig.11).
GENIUS-TF consisting of 40kg of Ge detec-
tors in liquid nitrogen (Fig.10a) could also
measure the modulation signal**?°. Up to
summer 2001, already 6 detectors of 2.5kg
ead, with an extreme low-energy threshold
of 500eV have been produced. A simi-
lar potential is aimed at by the GEDEON
project?!, which plans to use 28 Ge diodesin
one single cryostat.

GENIUS-TF is already under installa-
tion in the Gran-Sassdaboratory and should
start operation by end of 2002*.

The probably most far reaching project is
GENIUS”?! (Fig.10b). Sinceit is basedon
convertional techniques, using Ge detectors
in liquid nitrogen, is may be realized in the
most straightforward way.

GENIUS would already in a rst step,
with 100kg of natural Ge detectorsin three
yearsof measuremen, cover a signi cant part
of the SUSY parameter spacefor prediction
of neutralinos as cold dark matter (Fig. 2).
For this purposethe badkground in the en-
ergy range < 100keV has to be reduced to
10 2 (everts/ kgykeV). At this level solar
neutrinos as source of badkground are still
negligible. Of particular importance is to
shield the detectors during production (and
transport) to keepthe badkground from spal-
lation by cosmicrays su cien tly low (for de-
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10°

Figure 11. The potential of GENIUS-TM wigp [EY]
matter search. WIMP-n ucleon cross section limits as
a function of the WIMP mass for spin-indep endent
interactions. The solid lines are current limits of the
HEIDELBER G-MOSCO W experiment, the HDMS,
the DAMA and the CDMS experiments. The dashed
curvesare the expectation for HDMS, and for Genius-
TF with an energy threshold of 11keV and 2keV
(no tritium contamination) respectively, and a back-
ground index of 2events/kg y keV below 50keV. The
lled contour represents the evidence region of the
DAMA experiment.

tails seg®36:39),

The sensitivity of GENIUS for Dark Mat-
ter corresponds to that obtainable with a
1km® AMAND A detector for indir ect detec-
tion (neutrinos from annihilation of neutrali-
nos captured at the Sun) (se€). Interest-
ingly both experiments would probe di erent
neutralino compositions: GENIUS mainly
gaugino-dominated neutralinos, AMAND A
mainly neutralinos with comparable gaugino
and Higgsino componerts (seeFig. 38 in%4).

4 Hot Dark Matter Search

According to the recert indication for the
neutrinoless mode of double beta decay??,
neutrinos should still play an important role
as hot dark matter in the Universe.

The e ectiv e masshas been determined
to be?? mi= (0.05 - 0.84)eV at a 95% c.l.
(bestvalue 0.39eV) including an uncertainty
of 50% of the nuclear matrix elemers.

With the limit deduced for the ef-
fective neutrino mass, the HEIDELBER G-
MOSCOW experiment excludes seweral of
the neutrino mass scenarios allowed from
presert neutrino oscillation experiments (see

klapdor: submitted to World Scientic on February 8, 2002 7
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Figure 12. The impact of the evidence obtained for neutrinoless double beta decay?? (best value of the e ectiv e
neutrino mass hmi = 0.39eV, 95% con dence range (0.05 - 0.84) eV - allowing already for an uncertainty of

the nuclear matrix element of

models are excluded by the new 0

50%, on possible neutrino mass schemes. The bars denote allowed ranges
of hmi in dierent neutrino mass scenarios, still allowed by neutrino oscillation experiments.
decay result. Also shown are the expected sensitivities for the future

Hierarc hical

potential double beta experiments CUORE, MOON, EXO, and the 1ton and 10 ton project of GENIUS 31:39:36

(from 23),

Fig.12) - allowing mainly only for degener-
ate and partially degeneratemass scenarios
and an inverse hierarchy 3 - scenario (the
latter being, however, strongly disfavored by
a recert analysis of SN1987A). In particular
hierarchical massschemesare excluded.
Assuming the degeneratescenariosto be
realized in nature we x - accordingto the
formulae derived in%8 - the common mass
eigervalue of the degenerateneutrinos to m
= (0.05 - 3.4)eV. Part of the upper range
is already excluded by tritium experimerts,
which give a limit of m < 2.2eV (95%c.l.)%2.
The full range can only partly (down to
0.5eV) be cheded by future tritium de-
cay experiments, but could be chedked by
somefuture  experiments (see,e.q.:3%:36),
The deducedbest value for the massis con-
sistert with expectations from experimertal
I e branching limits in modelsassuming
the generating mechanism for the neutrino
massto be alsoresponsible for the recert in-

dication for as anomalousmagnetic momert
of the muon®. It lies in a range of interest
alsofor Z-burst models recertly discussedas
explanation for super-high energycosmicray
everts beyond the GKZ-cuto 4°. The sensi-
tivit y of the presert result is already in the
range to be probed by the satellite experi-
ments MAP and PLANCK (Fig.13).

The neutrino mass deduced allows neu-
trinos to still play an important role as hot
dark matter in the Universe.

New  approaches and  consider-
ably enlargedexperimernts (as discussed.e.g.
in7:31;39:35:36:32:48) Wil be required in future
to x the neutrino massand the contribution
of neutrinos to hot dark matter with higher
accuracy

Again GENIUS is the most promising of
them. With a massof 1ton of enriched "6Ge
it would cover the sensitivity range of the ef-
fective masshmi down to 0.02eV. Already
100kg of enriched Ge would be sucien t to

klapdor: submitted to World Scientic on February 8, 2002 8
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m, (eV) HEIDELBERG-MOSCOW Positive EVIDENCE

tarfq

Figure 13. Double beta decay observable hmi and os-
cillation parameters: The casefor degenerate neutri-
nos. Plotted on the axes are the overall scale of neu-
trino massesmg and mixing tan? 12- Also shown is
a cosmological bound deduced from a t of CMB and
large scale structure 33 and the expected sensitivit y of
the satellite experiments MAP and PLANCK. The
presert limit from tritum  decay of 2.2eV5! would
lie near the top of the gure. The range of hmi xed
by the HEIDELBER G-MOSCO W experiment is, in
the caseof small solar neutrino mixing, already in the
range to be explored by MAP and PLANCK.

reach a sensitivity down to 0.04eV’.

5 Conclusion

Dark matter seard is presenly one of the
most exciting elds of particle physics and
cosmology  Underground experimerts at
presert only marginally touch in their sensi-
tivit y the range of presert SUSY predictions
for cold dark matter. Of future experiments
the GENIUS project has the best prospects
to cover a large part of the predicted range.
GENIUS will provide information comple-
mentary to future collider seardr. This infor-
mation is indispensable,even if LHC would
nd supersymmetry, sincein any caseit still
has to be shown that SUSY particles in-
deed form the cold dark matter in the Uni-
verse. GENIUS will simultaneously be the
most straightforward way to x the neutrino
mass and the contributions of neutrinos to
hot dark matter with higher accuracy
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