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Interdisciplinary field: Particle Cosmo[ogy

Particle Physics Cosmology

studies on nature
at largest scale

studies on nature
at smallest scale

v

to investigate the initial conditi
when the fundamental partléles
forces produced the perturb
the cosmic density field

investigate the origin and
evolution of the largest-




DarkiSide
EXPERImenia ReVidences s

1974 two groups: systematical analysis of mass density vs
distance from center in many galaxies

COMA Cluster
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NGC 6503

isof-" 1 Other experimental evidences

v" from LMC motion around Galaxy

v’ from X-ray emitting gases
surrounding elliptical galaxies

; ) - es 1V from hot intergalactic plasma
! - velocity distribution in clusters
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Radius (kpc)
Rotational curve of a spiral galaxy Milky Way
M <M = about 90% of the mass is DARK

visible Universe gravitational effect




<> From cosmology...

Standard inflationary
scenario

j> Q=plp.=1

_3H;
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SCSIOEE A#0 ::> (2 (Luminous+Dark Matter) = 0.5 - (.1

al Constant

0 -1.88-h*-10”g/cm’

<> ...and from observations

R (kpc) Q=pl/p,
*Visible part of galaxies 10 ~0.007
*Galactic haloes 50 -100 ~0.02 - ~0,2
Clusters 103- 104 ~0.2
*Collapse on Virgo cluster 104 ~0.2
*Collapse on large scale 3-104 ~0.2-~1
*IRAS measurements on
large scale velocity flow 10° ~1




New high-reso
380000 years aj . _
to define our U recisely s

=;_An all-sky irm'age of the infant
‘Universe 380000 years after
the Big Bang.

ANEMS %
w

o o
tiny fraction™
of a second

In 1992, NASA’s COBE mission
firstly detected tiny temperature
(shown as color

The WMAP image brings the
COBE image into sharp focus.



... and support from cosmology

Power Spectrum: CMB measurements

- e

v Standard Big Bang cosmology
+ standard inflationary ‘scenario

The dynamical evolution of the
before WMAP WMAP data Universe depends on the
quantity and kind of mass and
energy densities. The
curvature radius of the
Universe is related to Q .
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A significant presence of Cold
Dark Matter is necessary to
T A e e T ; reproduce the present
bt R cosmological observation
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Nﬂucleosynthesis + searching for barionic D.M.
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Structure formation in the Universe and
nature of the non baryonic D.M.

To obtain the pattern of the present large scale structures
B from the evolution of the primordial perturbations is
Bl nccessary to assume the existence of non baryonic D.M., that
B is of particles relicts from Big-Bang. In this scenario, the
structures observed at present have been originated by the
“gravitational trapping” of the baryonic matter by the non

baryonic D.M. (s¢gd) T —— T

=

[

g 10

]

at 10-1

K
HDM scenario (light massive v ...): E 10
particles relativistic at decoupling n 103 Small eceles
i —
time % {04 EEI%I{
CDM scenario (WIMPs, axions ...): B (g
particles non-relativistic at E | | |

decoupling time 0.001 0.01 0.1 1 1¢

Inverse Length Seale [k {Mp::f'h}_]
But HDM does not produce small scale structure !



COSMOLOGICAL CONSTANT? S Iy T
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Quantum gravity would predict its value to be 10!?° times the observed value, perhaps it
could be zero only in the presence of an unknown symmetry.
A vacuum energy? Does it evolve with time? A quintessence field?

|

Cosmology vy Particle physics

irect remnant of string theory ??

About it :
1) It should emit/absorb no li

2) It should have negative press
magnitude comparable to its
density in order to produce accel
expansion

3) It should be “approximately”

homogeneous

4) Tt should not interfere with pronTETCTRIE . . c° could couple to

structure but it could decide the future of quintessence field , there could be exoti
Universe signatures detectable at accelerator and

by astrophysical experiments

dark matter and dark energy
onnected through axion physics?

Is there a case of “vacuum energy” or
“quintessence’ in particle physics?



The Dark Side of the Universe:

experimental evidences

From larger scale ...
o "Precision” cosmology supports:
f' .U.Er[gJ!iar Seale = = i
ﬁ - : - : Flat Universe:
* TT Cross Powasr E
T ! Spectrum _
b | g Q=1.02 +0.02
'-5‘55 l,l ¥ ACEAR E
g_:m:n I'* 1.0 e
» \ A {1; i"Concordance” model:
10 II 1\" '

Muttipole morment (1)

. 10 galaxy scale

150 ]

Open questions: I ]
—~ =~ halo

» Composition? "E T ’

- Right halo model and parameters? s

* Multicomponent also in the particle part? ” soft/ § .
- Related nuclear and particle physics? [

*Non thermalized components? | e

- Caustics and clumpiness? ° Radius (kpe) %

.............. Rotational curve of a spiral galaxy



Relic DM particles from primordial Unjverse

Heavy candidates: Light candidates:
* In thermal equilibrium in the early stage of Universe axion, sterile neutrino, axion-
* Non relativistic at decoupling time: like particles cold or warm DM
s PRV Pt 10725/ QWIMPh2 cm’s! - Oordinary matter ~ Oweak

Expected flux:

Form a dissipationless gas trapped in the gravitational
field of the Galaxy (v ~10-3c)

Neutral, massive, stable (or with half life ~ age of
Universe) and weakly interacting

SUsY ~ axion-like (light pseudoscalar
(R-parlt%/ cl?t?as“erved - LSP J tqble) o .~ and scalar candidate)

s _-||:-,LI;~ i ,r:r: "- 4 fﬁinm'rajcting dark matter

y
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5 ’ s
4 e
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a heavy v of the 4-th fami R—— "
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+ multi-component halo? even a suitable particle not
yet foreseen by theories



= e | Relic DM particles in the galactic halo:

Open questions:

Radius (kpc)

Right halo model and parameters?

- Composition?

Multicomponent also in

the particle part?

(Related nuclear and

particle physics) /\

clumpiness?

etc...




What accelerators can do:
to demostrate the existence of some of the
possible DM candidates

What accelerators cannot do:

To credit that a certain particle is the Dark Matter
solution or the “single” Dark Matter particle solution...

+ DM candidates and scenarios exist (even for
neutralino candidate) on which accelerators cannot
give any information

DM direct detection method using a
model independent approach




Some direct detection processes:

e Scatterings on nuclei
— detection of nuclear recoil energy DMp |

e Excitation of bound electrons in scatterings on nuclei
— detection of recoil nuclei + e.m. radiation

e.g. signals from
these candidates
> are completely lost

. . . .a
e Conversion of particle into -
electromagnetic radiation

/

in experiments
based on “rejection
procedures” of the
electromagnetic
component of their
counting rate

— detection of y, X-rays, e-

e ... and more



Goals for Dark Matter particles direct search

* Underground site

» Low bckg hard shields against y’s, neutrons

» Lowering bckg: selection of materials,
purifications, growing techniques, ...

* Rn removal systems

Background sources

- Background at LNGS:
muons -
neutrons —>

Radon in the hall —»

- Internal Background:

selected materials (Ge, Nal, AAS, MS, ...)

Shielding

3
—syrface
2 e
|
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1.08:10-% n/(cm?s) thermal

DEPTH {metres water equivalent)

1.98:10-% n/(cm?s) epithermal
0.09-:10°% n/(cm?2s) fast (>2.5 MeV)
~30 Bq/m3

Example of .
the effect of a
passive shield

Passive shield: Lead (Boliden [< 30 Bg/kg from 21°Pb], LC2 [<0.3 Bq/kg from 21OPb] lead
from old roman galena), OFHC Copper, Neutron shield (low A materials, n-absorber foils)
Active shield: Low radio-activity Nal(Tl) surrounding the detectors

etc.



Lowering the background

Example of background reduction ju’“\\}
during many years of work A
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vs the one expected il

The “traditional” approach

- Experimental energy distribution (with or without bckg rejection )
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galaxy
model

To have potentiality of

discovery a
rnodelindeBendent

signat

re

is needed

n a given model framework

several assumptions
and modeling

requiredy

experimental and
theoretical

uncertainties generally

not included in
calculations

(see later in the
model dependent

Exclusion plot for
a fixed set of
assumptions and of
expt and
theor.parameters

VGIUH

cTnucleus

X

%
7%

w
» by additional model:

M

discussion)

An exclusion plot not an
absolute limit. When different
target nuclei, no absolute
comparison possible.

Vv

* No discovery potentiality

* Uncertainties in the exclusion plots and in their

comparison

* Warning: limitations in the recoil/background

discrimination



Example

effect on the exclusion plot when changing even just the value of a single
parameter (inside its allowed range) within the same model framework

NN Astrop. Phys. 2 (1994) 117
R i o 90% C.L. - Na
o \'\5 | | SD :

* Top curves: v,=180 km/s; v, =500 km/s

2 €SC

> * Lower curves: v,=250 km/s; v, .=1000 km/s

TS0

e v, affects mainly the overall rate
* v, affects mostly the lower mass region

(A
\
N\

_pw=0.3 GeV/em?
(GeV)

Similar effect are found‘?/or' every nucleus and interaction type
changing assumptions and/or expt/theoretical parameters. Thus,
exclusion plots given under a single fixed set of assumptions and
parameters values No “universal” validity!

1 10



Limitations in selection/rejection procedures of the electromagnetic

component of the counting rate

1. Pulse Shape Discrimination (t of the pulse depends on the particle) in
scintillators (Nal(Tl), LXe, CsI...)

2. Heat/Ionization (Ge,S1)
3. Heat/Scintillation (CaF,(Eu), CaWQO,)

4. Double phase liquid noble gas
1. Limitations in PSD in scintillators from temperature controlling level in
each specific expt assembling (+possible systematics peculiar of the

iven expt) : : )
2. Limitations in bolometers from the identification of the two

sensitive volumes, efficiency of the required coincidences, stability
of the selection windows, quenching factors, etc. (+ possible
systematics peculiar of given expt) analogous or even worse
situation for double phase liquid noble gas detectors

In all kinds of techniques: end-range a’s, unshielded environmental
neutrons, fission fragments, etc. fully mimic DM induced recoils

Always not a DM signature + no sensitivity to various
candidates and scenarios



Some examples from CDMS-I

» Stanford site, shallow depth: 10 m underground
* Huge initial counting rates —hardware p-anticoincidence

* 1999 - 10.6 kg d (48 kg d available) Ge BLIP; one detector not used.

» all single-scatters
O NR candidates

- - -

lonization Yield [keV/keV]

100 20 40 60 80 100
Recoil Energy [keV]
» Knowledge and control of the: “physical” energy threshold, energy scale,

Y scale, q.f., sensitive volumes, efficiencies, coincidence eff. for the two
signals, energy calibrations, ... + stability with time of all these quantities

* rejection procedure of so-called
surface electrons applied n * Due to small number of events to deal after selection, small fluctuations of
addition to heat/ion rejection parameters (energy, Y scales, noises, ...) and of tails of the distributions can
play a significant role

Som
€ exa
mples of detect
lomzation Yield [keV/ikeV|

4 events in the “recoil/recoil-like” window claimed after the huge “surface electrons” rejection
procedures for selected neriod and detector . defined as “mainlv neutrons”



CDMS Il at Soudan

See comments
in the slide on

Edelweiss

lonization Yield

source

Exposure about 104 times astro-ph/0405033
smaller than DAMA/Nal

19.4 kg d exposure 3x 250 g crystals

151r_ T T T

L5 T T T T

lonization Yield

--"" blind analysis

0 20 40 &l B0 100

Recoil Energy (kel/)

FIG. 4: lonization vield versus recoil enerey for WIMP-search

data from Z2 (triangle). Z3, and Z5 (+) in Tower 1. using the

same vield-dependent cuts and showing the same curves as in

Fig. 1. Above an ionization vield of 0.75, the events from all

three detectors are drawn as identical points in order to show
_ the 10.4 keV Ga line from neutron activation of Ge.

Recoil Energy (keV)

Non-blind analysis: 1 event in the “recoil/recoil-like” window



kg stage of EDELWEISS 1 : 3 * 320 g Ge.
Cu screens without Roman Pb lateral shield Exposure about 104 times

It data taking: Fall 2000, | detector mounted and used — 3kg.d smaller than DAMA/Nal
214 data taking : Spring 2002, | detector used out of 3 — 8.6 kg.d

31d data taking : October 2002 - March 2003, 3 detect. - 19 kg,

4th data taking : April -Nov
2003, 3 detectors - 30 kg.d

But: quenching factor assumed 1
(the only measured value in
NIMA507(2003)643 is compatible with
all: 0.87+0.10stat + 10syst).
What about if less?

+——— Archeological
lead

3 * 320 g Ge detectors . ene ey
Also for future claimed sensitivities

320 g detector

May 2002 which is the limit from systematics
GGAL,GeAl9,GeAllLO g )
October 2002 of this approach? 5 .

GGA3J, GSAL, GSA3

FEW COMMENTS: - « Ngg®y » episode ?

. i =
yngll:sy Sﬁﬁlel g;ggsil:;g I{'teleased with respect to many nts in re d (1 inside s

d 3 outside the neutron =
* bekg rejection technique and associated one) all arriving within an §
uncertainties full under control (e.g. bulk responsgf interval of a few daysout =
pre-rejection of so-called surface electrons, ol 90 days total acq time En s
quenching factors,..)? Are the two sensitive voldmes 5

(for ionization and bolometer signals) exactly

nuclear recoil band

identical? o e=90%
*What about the needed continuous monitoring of What about spilling of 0 U sln' o B
rejection windows stability, energy scale and these events with 10 / " Recail Eneray (keV)

threshold, overall detection efficiency, calibration..? | L1MmeSMore exposure 2 20 ke W

NB : 100 % efficiency at true nuclear recoil energy thresho]d‘.
*Set-up activation during neutron calibration =

oStartinoc from a hich backoronnd level




Experiments using liquid noble gases
* Single phase: LXe,LAr, LNe — scintillation, ionization

 Dual phase liquid /gas — scintillation + scintillation
Electromagnetic component of the counting rate reduction
in dual phase detector (old technique

in single phase detector: by XELTPC):
* pulse shape discrimination y/recoils « prompt signal (S1): UV photons from
from the UV scintillation photons excitation and ionisation

» delayed signal (S2): e drifted into gas
phase and secondary scintillation due to
ionization in electric field

ZEPLIN-I|

DAMA/LXe: low background developments and =
applications to dark matter investigation (since Socsom FHY Arvay

N.Cim. A 103 (1990) 767) XENON10, WARP, ZEPLIN-II



Recent results of a liquid noble gas experiment:
XENON10

Experimental site:
Target material:
Target mass:
Used exposure:

Gran Sasso (1400 m depth)

nat){e
~5.4 kg (tot: 15 kg)
136 kg x day

Log,(SZS1)

Many cuts are applied, each of

v

Cuts Explanation

them can introduce systematics.
i The systematics can be variable
along the data taking period; can
{ they and the related efficiencies
| be suitably evaluated in short

period calibration ? —
2 photoel./keV

2 kevee threshold claimed!
+q.f?

QCO: Basic quality cuts

Designed to remove noisy
events, events with unphysical
parameters or events which
are not interesting for a WIMP  ing background.
search B < 80mm
B 51 coincidence cut B 15 -
B S1single peak cut

W 52 saturation cut

B S2 single peak cut

B S2 width cut

B S29cut

QC1: Fiducial volume cuts
Because of the high stopping

power of LXe, fiducialization is
a very effective way of reduc-

dt < 65 ps

(see also calibration-data)
QC2: High level cuts

Cuts based on the distribution
of the S1 signal on the top and
bottom PMTs. They are de-
signed to remove events with
anomalous or unusual S1 pat-
terns

50% efficiency

B S1 top-bottom
asymetry cut

B S1top AMS cut
B S1 bottorn RMS cut

Log,,(S2/S1)

28

o8N
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> w

o o
e

"
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*Ten events survives the many cuts (efficiencies for
all the cuts?+trigger level of single PMT?...).

*Some speculations about their nature.

*Has the (intrinsic) limitations of the method been

see Guilaurne Flanie, Columbia, APS Talk

| Noble Liguids / Dark Matter

Rick Gadsked. Brown University, DOE |

reached?



Recent results of a liquid noble gas experiment:
WARP (arXiv:0701286)

Experimental site: Gran Sasso (1400 m depth)
Target material: natA y

Target volume: ~2.3 liters
/ : Used exposure: 96.5 kg x day
pi-y (bl WIMP Exposure of 96.5 kg - day
i“": bk BE L 40-60 keV N
2.5 E.wo g . 32.8:107 Triggers)

|1l
\F/

Race —~E~ Ar
Argon
Tracks % =

Log (S2/81)

== Liquid

~ Wavelength
Shifter

Cathode 7 Reflector

Integral Rate = 3x10° cpd/kg
Energy threshold and scale

01 02 03 04 05 0.6 07 0.8 0.9

But cautious actitude: Pulse Shape Discrimination Parameter (F)

*Eight events survives the many cuts
(efficiencies for all the cuts?+trigger level of
single PMT?...). .

Many cuts are applied, each of them can
introduce systematics. The systematics
can be variable along the data taking

period; can they and the related -Some speculations about their nature.
efficiencies be suitably evaluated in short S
period calibration ? *Has the (intrinsic) limitations of the method

been reached?



Examples of energy resolutions: comparison with Nal(Tl)

Nal(TI)

1000 |~
- 2 (60keV) = 6.8%
>~go0 [-E C13
2 C
Oeon - MAm
o T
T a0
|-|.'_ —
200 [
D Jrnde b L Jl
G 20 40 80 B0 100

Energy {(keV)

ZEPLIN-II

arXiv:astro-ph/0701858v2

I"D:- oy -I X CO_57- T -
0 _ .: "-':: o/E @ 122 keV = 16%

I

L 00 1000 1500 000 SLaVs

Fig. 5. Typical energy spectra for "Co ~-ray calibrations, showing 81 spectrum
{upper) and 52 spectrum (lower). The fits are double Gauossian fits which incorpo-
rate both the 122 keV and 136 keV lines in the *"Co y-ra
resolution of the detector is derived from the width of the 81 peak, coupled with
calibration measurements at other line energies.

¢ spectrum. The energy

Counts

e
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astro-ph/0603131, Jan 2007

WARP

+ + 4+
il oy

Counts

D100

WARP

1200

1000

Full absorption

180

Energy (keV) (a)

200

[ I | L I I
220 200 300 400 500 €00 700 800

Energy (keV) (b)

Fig. 2. Enekgy spectra taken with external ~v-ray sources, superimposed with the
correspondi\g Monte Carlo simulations. (a) 77 Co source (E = 122 keV, B.R. 85.6'%,

and 136 keV)

XENON10

B.R. 10.7%). (b) ¥7Cs source (E = 662 keV).

subtraction of the spectrum ?

XENON10
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% Charasterisics
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BO < r <90 mm
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Compton scatters Jh
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e

3000
51 [pe]

. g [ "
00 1000 1500 2000 2500

Figure 3. (left) S1 scintillation spectrum from a * Co calibration. The light yield for the 122keV
photo-absorption peak is 3.1 p.e./keV. (right) S1 scintillation spectrum from a *7Cs calibration. The
light yield for the 662keV photo-absorption peak is 2.2 p.e. /keV.



... disuniformity of the two-phases detectors: intrinsic limit?

tor after the WIMP search data taking.

The S1 and position dependent correction on S1 and S2

S2 response from the '?'"™Xe 164 keV gamma rays, | signals with maps obtained from activated Xe

which interact uniformly within the detector, were used
to correct the position dependence of the two signals.

XENONI10 astro-ph0706.0039v1.

effects of non-uniform light

where ap = 9.5 keV, a; = 1.2 keV and a, = 0.04. The three terms take collection accounted in
into account the effects from non-uniform light collection (ag term), statistical WARP (astro-ph/0603131v2)

To convert the observed pulse height (in mV or
photoelectrons) to electron equivalent energy for
each event we calibrate with one or more gamma
sources of known energy. We used >'Co
(122 keV) and 7Cs (660 keV) sources placed un-
der the xenon vessel. The '*’Cs source gave a mea-
sured light yield 25% lower than the >’Co. Since
previous laboratory work [7] had shown a re-
sponse linear with energy, this difference is due
to a position-dependent light collection, the

A geometrical correction is performed via a “rebinning
matrix” evaluated by MonteCarlo in ZEPLINI
Astroparticle Phys. 23(2005)444.

terms, as shown in detail in [7].

side of (1)

E being the ~-ray energy in keV. This has the effect of mixing the events
hetween energy bins, which can at the final stage of analysis be accounted for
by applying a compensating rebinning matrix to the energy-binned spectral

(1) Apply an energy resolution correction as described in greater detail in
a previous paper [7], by numerically applying the resolution rebinning
matrix to the vector of binned spectral terms given by the right hand

[7] G.J. Alner et al. (2005) Astroparticle Phys. 23(5), 444-462

the position dependent correction is

Thus the WIMP-nucleon cross-section limit setting procedure is still applied in ZEPLINTI

astro-ph/0701858v2




A model independent signature is needed

Directionality Correlation of Dark
Matter impinging direction with
Earth's galactic motion due to the
distribution of Dark Matter
particles velocities

very hard to realize

Annual modulation Annual variation
of the interaction rate due to Earth
motion around the Sun.

at present the only feasible one
Diurnal modulation Daily variation of

the interaction rate due to different

Earth depth crossed by the Dark /(L_\_\%D%ber
$

Matter particles

only for high o / SUN _§ e
2 5 A
‘_\ 4’/);/8\3’9\<‘60 / /

June '{'/7}/8 .

» Just for recoils: due to the statistical nature of all the discrimination
procedures and to the related systematics, the annual modulation
signature cannot be applied with the “discrimination”.

e Other candidates are lost by “discrimination”.




Directionality

* Correlation of the track of the nuclear recoil with Earth’s motion in
the Galactic halo (thus holds just for some DM candidates)

*Hard to realize if the track has to be detected: e.g. in low
pressure TPC (old Saclay R&D).

scintillator?

A directional WIMP detector with organic anisotropic

DAMA, N.Cim.15C(1992)475, EPJC28 (2003)203 (some tests also by

UKDMC, Tokyo)

Crystals as anthracene, C;,H;y and stilbene Ci4H;,

C’: maximum

Example: Light response WIMP mean
q direclion in the
of anthracene relative to | . cning
heavy ionizing particles N\
depends on their impinging | .\
direction with respect to ™~
the crystal axes.

Electric
Field

- light anisotropy for recoil nuclei
and no anisotropy for electrons;

The diurnal Earth rotation changes
the mean impinging direction of the
WIMP flux (and the mean direction
of the recoil nuclei induced by
WIMP) with the respect to the
crystal axes.

- anisotropy greater at low energy.

Scattered WIMP,7

Readout
Plane

WIMP mean
direction in the
morning
/"Il/fr “

A . P

” zenith
¢’ axis

- Anthracene
TLNGS



DRIFT-lla

« Experimental site: Boulby mine

L12m

1.Bm

» Possible identification of some Dark Matter candidates
by exploiting the non-isotropic recoil distribution
correlated to the Earth position with to the Sun

« dE/dx discrimination between gammas and neutrons '! 1.00m

= . ‘ ' - * 1 m?acti -
- n‘f‘ G | Gas fill |40 Torr CS, => 167 g of target gas -
i1y

lr“ b it | b * 2 mm pitch anode wires left and right
* Grid wires read out for Ay measurement
* Veto regions around outside
* Central cathode made from 20 um
diameter wires at 2 mm pitch
* Drift field 624 V/cm
* Modular design for modest scale-up

After an exposure of 10.2 kg x days a population of nuclear recoils (interpreted as
due to the decay of unexpected 222Rn daughter nuclei, present in the chamber)
has been observed.



The diurnal modulation Collar et al..

PLB275(1992)181
100 S/.derh
: L ~Q/ .
Daily variation of the o M
interaction rate due to ok bslg
different Earth depth s cran Sasso
crossed by the WIMPs Rl
1500ETECTIvG l:
RiING i
Only for large cross __
SeCTiOnS 00 ) ) ) 9 A £
Siderenl Time (h}
al An example: investigation of possible diurnal modulation in
S —~————DAMA/NaI-2 data (N.Cim. A112(1999)1541): 14962 kg d

A Absence of rate diurnal variation at that sensitivity

= \% excludes the presence of high o, DMp component (with

small €)

T M,=1000GeY ] ‘

m_lfﬂ'ﬁ 1014 étr)'la[ptljol; 10I210'5 ml'4 C;ﬂ[?[ptﬁlﬂ 1DI2 Limi.l-s On halo fr‘OCTiOn (a) VS Gp for. SI Case
p

in a aiven model



For a given simplified model

Velocity distributions (MonteCarlo)
Example of expected rate [2,6] keV for

xig?® F M =
A the particular case of M =60 GeV
025 |
0.2 : —~ 2
ffa) = E
nD. { s ]
015 e 18 E =
S b 3
0.1 > {ig == _'*_:"‘—‘___ e e |
< E : e
N L= —
0.05 : _\‘? 0.8 :_ E__
~ E E
: B a) £ b)
i b 4 = - -6 - - -2
5 ol %4 £5,57.010¢pb  £6,75.0 102 pb
i e Qfl||||r||l||:||‘1|||]|||fr|r||1|1||1||xllt1r]|[1
0.25 m_g- 1.8 ;— i_
S 16 F -
o B S L | = £
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The annual modulation: a model independent signature for the
investigation of Dark Matter particles component in the galactic halo

With the present technology, the annual modulation is the main model independent signature for the DM
signal. Although the modulation effect is expected to be relatively small a suitable large-mass,
low-radioactive set-up with an efficient control of the running conditions would point out its presence.

Drukier, Freese, Spergel PRD86 ~ 232 km/s (Sun velocit
’ ) y in the halo)
Freese et al. PRDSS Vo, = 30 km/s (Earth velocity around the Sun)

— O, D b y=m/3
‘ \% segmoer co=2n/T T=1year
& * 15 = 2" June (when v, is maximum)

. T Vo, cosycos[m(t-t)]

a / ve(t) = Vg,
/ < S, [n(V)]= I —dE =S, S, cos[a(t —t,)]

SLIH

- .
June 0'{'/77/ AE"
Expected rate in given energy bin changes
because the annual motion of the Earth around
Requirements of the annual modulation the Sun movingiEIEE

1) Modulated rate according cosine
2) In a definite low energy range

To mimic this signature, spurious
effects and side reactions must

3) With a proper period (1 year) not only - obviously - be able to
4) With proper phase (about 2 June) account for the whole observed
5) For single hit events in a multi-detector set-up modqlatlon amplitude, butiGiy

to satisfy contemporaneously all
6) With modulation amplitude in the region of maximal sensitivity the requirements

must be <7% for usually adopted halo distributions, but it can
be larger in case of some possible scenarios



Competitiveness

High duty cycle

Well known technology

Large mass possible

“Ecological clean” set-up; no safety problems
Cheaper than every other considered technique

Small underground space needed

High radiopurity by selections, chem./phys. purifications, protocols reachable

Well controlled operational condition feasible

Routine calibrations feasible down to keV range in the same conditions as the production run
Neither re-purification procedures nor cooling down/warming up (reproducibility, stability,
Absence of microphonic noise + effective noise rejection at threshold (t of Nal(Tl) pulses hundgeds
ns, while t oise pulses tens ns)

High light onse (5.5 -7.5 ph.e./keV)

Sensitive to@SI, SD, SI&SD couplings and to other existing scenariw) the contrary ofimany other
proposed target-nuclei e _Il-
Sensitive to both high (by Todine target) and low mass (by Na target) candidates

Effective investigatj the annual modulation signature feasible in all the needeﬁ cts _.

PSD feasible at re ble level ‘L
O , u .LlL ra
e

etc.
possible proceSse o thie Rauli e clusmn pr d S in Na and 1?71,
c'h"annels, tral SIMPsand
so'l'ar Ellx

electron stablllty,
nuclearites seaxchy
k) +
| 4- r el .‘




0 o e, o e, A, e

il

|||||
i



DAMA/LXe: results on rare processes

Dark Matter Investigation
e Limits on recoils investigating the DMp-129Xe

NIMA482(2002)728

elastic scattering by means of PSD PLB436(1998)379
= Limits on DMp-129Xe inelastic scattering PLB387(1996)222, NJP2_(2000)15.1
B e albration PLB436(1998)379, EPJdirectC11(2001)1

e 129X e vs 136Xe by using PSD — SD vs Sl signals to

increase the sensitivity on the SD component foreseen/in progress

Other rare processes:
e Electron decay into invisible channels
« Nuclear level excitation of 129Xe during CNC processes

Astrop.Phys5(1996)217

< N, NN decay into invisible channels in 129Xe PLB465(1999)315

- Electron decay: € — V¥ PLB493(2000)12

e cay/inl oxe PRD61(2000)117301
XenonOl1

. ZB EEES A =Xe PLB527(2002)182

- Improved results on 2 in 134Xe,136Xe PLB546(2002)23

< CNC decay 136Xe — 136Cs

. I . Beyond the Desert (2003) 365
< N, NN, NNN decay into invisible channels in 136Xe

EPJA27 sO1 (2006) 35

'S

DAMA/RED set-up: results on rare processes .
? NPBS63(1J-9)99)97, DAMA/GG & LNGS Gz fGCI'IfY

= Particle Dark Matter search with CaF,(Eu) Astrop.Phys.7(1997)73

_ .« 2B decay in 135Ce and in 142Ce 1l Nuov.Cim.A110(1997)189 * RDs on highly radiopure Nal(TI) set-up;
Al JEC2v 49Ca decay Astrop. Phys. 7(1999)73 . SCV?.I?I RDS or}low backgroprlld PMTs;
 2pdecay in “Ca and in “0Ca  NPBS63(1999)07 measurements with a Li_Eu(BOY),

« 2p* decay in 106Cd Astrop.Phys.10(1999)115 crystal (NIMA572(2007)734)

- 2p and B decay in “8Ca NPA705(2002)29 « measurements with '°°Mo sample

« 2EC2v in 138Ce, in 138Ce NIMA498(2003)352 investigating some double beta decay
and o decay in 142Ce mode in progress in thg fln low-

« 2B+0v and EC B* 0v decay in 13°Ba NIMA525(2004)535 background HP Ge facility .ofLNGS (to

e ClustarT e LaCIS(Ce) NIMAS55(2005)270 appear on Nucl. Phys. and Atomic Energy)

e CNC decay '3°La — 13°Ce UJP51(2006)1037 + Many other meas. already scheduled for
e o decay of natural Eu NPA789(2007)15 near future



DAMA/NqI(T |)~IOO kg Performances: N.cim.A112(1999)545-575, EPIC18(2000)283,

Riv.N.Cim.26 n. 1(2003)1-73, IIMPD13(2004)2127

SaEEmmams RcSUlts on rare processes:

* Possible Pauli exclusion principle violation PLB408(1997)439
* CNC processes PRC60(1999)065501
* Electron stability and non-paulian transitions in

lodine atoms (by L-shell) PLB460(1999)235
 Search for solar axions PLB515(2001)6
 Exotic Matter search EPJdirect C14(2002)1
+ Search for superdense nuclear matter EPJA23(2005)7

« Search for heavy clusters decays EPJA24(2005)51

Results on DM particles:

> PSD PLB389(1996)757
Investigation orl diurnzl effect
N.Cim.A112(1999)1541
- Exotic Dari Meatier searcr)  PRL83(1999)4918
- Annual Modulettion Sigriaiure
PLB424(1998)195, PLB450(1999)448, PRD61(1999)023512, PLB480(2000)23,EPJ

C18(2000)283, PLB509(2001)197, EPJ C23 (2002)61, PRD66(2002)043503, data taking completed on July 2002
Riv.N.Cim.26 n.1 (2003)1-73, IIMPD13(2004)2127, IIMPA21(2006)1445, (Stl” producing resu|ts)

EPJC47(2006)263, IIMPA22(2007)3155 + other works in progress....

total exposure collected in 7 annual cycles 107731 g

-



4772 THETSHONR DR NN NN
Il Nuovo Cim. A112 (1999) 545-575, EPJC18(2000)283,

Riv. N. Cim. 26 n.1 (2003)1-73, IJMPD13(2004)2127
e Reduced standard contaminants (e.g. U/Th of order of ppt) by material selection and growth/handling protocols.

e PMTs: Each crystal coupled - through 10cm long tetrasil-B light guides acting as optical windows - to 2 low background
EMI9265B53/FL (special development) 3” diameter PMTs working in coincidence.

 Detectors inside a sealed highly radiopure Cu box maintained in HP Nitrogen atmosphere in slight overpressure

 Very low radioactive shields: 10 cm of highly radiopure Cu, 15 cm of highly radiopure
Pb + shield from neutrons: Cd foils + 10-40 cm polyethylene/paraffin+ ~ 1 m
concrete (from GS rock) moderator largely surrounding the set-up

1 m concrete

glove-box in HP r\litrogen atmosphere

- Installation sealed: A plexiglas box encloses the whole shield and is also maintained L%’n%?{:gfni“g?t'h’;tgﬁ,ai@t?;#?3529
in HP Nitrogen atmosphere in slight overpressure. Walls, floor, etc. of inner Im, ~
installation sealed by Supronyl (2x101! cm?/s permeability).Three levels of sealing ‘%i@&/;; r

from environmental air.

conct E

\ A

- Installation in air conditioning + huge heat capacity of shield T TSl

e Calibration in the same running conditions as the production runs down to keV
region.

plexiglas bax
maintained in
HP Nitrogen
atmosphere

%

999/

e Energy and threshold: Each PMT works at single photoelectron level. Energy
threshold of the expt: 2 keV (from X-ray and Compton electron calibrations in the

keV range and from the features of the noise rejection and efficiencies). Data ey,

installation sealed

by Supronyl
(s

collected from low energy up to MeV region, despite the hardware optimization was "HP.Nitrogen o
done for the low energy <jf~\\atm°sp”e'ex\I — e
» Pulse shape recorded over 3250 ns by Transient Digitizers. o ‘w& “::.:1 - /1%%

e Monitoring and alarm system continuously operating by self-controlled computer g
processes. l 1 m concrete

+ electronics and DAQ fully renewed in summer 2000 S impl ified schema

Main procedures of the DAMA data taking for the DMp annual modulation signatur

* data taking of each annual cycle starts from autumn/winter (when cosw(t-t,)=0) toward summer (maximum expected).

« routine calibrations for energy scale determination, for acceptance windows efficiencies by means of radioactive sources
each ~ 10 days collecting typically ~10° evts/keV/detector + intrinsic calibration + periodical Compton calibrations, etc.

= continuous on-line monitoring of all the running parameters with automatic alarm to operator if any out of allowed range.

ﬂ)



The model independent result

Riv. N. Cim. 26 n.1. (2003) 1-73, IJMPD13(2004)2127

O experimental single-hit residuals rate vs time and energy
Acos[o(t-ty)] ; continuous lines: t,=152.5d, T=1.00y

2-4 keV 2-5 keV
& 0'1}1% e e IVse V> < VI VI > = MR e T v v & ‘_W%*_m%’
Besl Tp b ] gk Ee [ O T
A A b R A LA T A A el L
3 TN FUENAUNA DT N 5 " N INTTTN R A WH
S 00sf | ‘p %'+ "f | Ff” ' % | S 005" | 5 | i | %‘ |
.g E i -g : i I : H j |
= 01l 3500 R TR R R TR 250'0 """

fit: A—(O 0233 + 0 0047) cpd/kg/keV Time (day) fit: A =(0.0210+0. 0038) cpd/kg/keV Time (day)

7.6 keV% 0.1 13 clbe W< Vhe v > <vibe Vi s Absence of modulation? No

Eﬂ 005 %5 g /ﬂ ' v2/dof=71/37 — P(A=0)=7-10"*

AR UNFNE-SPAENY NP

%’ 03;}4 \41 *j%\%l \m TH/ T\ I%},}jﬂ fit: A =(0.0192 +0.0031) cpd/kg/keV

%'0'05 o 5 ' ' fit (all parameters free):

= WL U D, L TS T TIPSV T . . = .
0.1l S 2L o sl A =(0.0200 £ 0.0032) cpd/kg/keV;

Time (day) t,=(140+22)d ; T=(1.00+0.01)y

The data favor the presence of a modulated behavior
with proper features at 6.3c C.L.



frequency

Single-hit residual rate as in a single annual cycle = 105

Low energy vs higher energy

kg x day pyyer spectrum of single-hit residuals

T

~ 01

L Treatment of the

> 2-6 keV > - 6-14 keV 10
v F W E 4 .
o : A/ : = experimental errors and
%‘“ 0.05 - %" 0.05 3 : i time binning included
: — : ' h
@ 0 . ++ @f 0;+HH — E 8_— ere
O T T g
3.0_05 £-0.05; E
E | 63cC.L. |3 S 6oF
S I T B B | e o I
4 Time (day) -
il i 6-14 keV
fixing t, = 152.5 day and T = 1.00 y, the modulation amplitude: :
A=(0.0195 + 0.0031) cpd/kg/keV A= -(0.0009 + 0.0019) cpd/kg/keV /
* Clear modulation present in the lowest energy region: from
the energy threshold, 2 keV, to 6 keV.

1400

1200 |

—
-] -
= =
= =

[=a)
=
=

400 J 4

[
200 | '
10 o
(Ryy - <Rgp>)/<Ryy>

1 |
0.006 0.008

* in the 6-14 keV energy regions 0 0.002 \ 0.004 1
- in other energy regions closer to that where Frequency (d )
the effect is observed e.g.: mod. ampl. (6-10 Principal mode in the 2-6 keV region

keV): -(0.0076 0.0065), (0.0012+0.0059) — 2737 -103d* x 1y

and (0.0035+0.0058) cpd/kg/keV for , :
DAMA/NGL_5,DAMA/Nal-6 and N e i podhe) 9"
DAMA/NaI-7; statistically consistent with

zero

*in the integral rate above 90 keV, e.g.: mod. ampl.: (0.09+0.32), (0.06+0.33) and -
(0.03+£0.32) cpd/kg for DAMA/NaI-5, DAMA/NaI-6 and DAMA/NaI-7; statistically
consistent with zero + if a modulation present in the whole energy spectrum at the
level found in the lowest energy region — Ry, ~ tens cpd/kg — ~ 100 c far away



Multiple-hits events in the region of the signal

* In DAMA/Nal-6 and 7 each detector has its own TD (multiplexer system removed)
— pulse profiles of multiple-hits events (multiplicity > 1) also acquired (total
exposure: 33834 kg d).

* The same hardware and software procedures as the ones followed for single-hit
events
— just one difference: events induced by Dark Matter particles do not belong to

this class of events, that is: multiple-hits events = Dark Matter particles events
“switched off”

e 2-6 keV residuals Residuals for multiple-hits events (DAMA/Nal-6 and 7)
/ Mod ampl. = -(3.9£7.9) 104 cpd/kg/keV

0.1
: Residuals for single-hit events (DAMA/Nal 7

0.05 — annual cycles)

—— Mod ampl. = (0.0195+£0.0031) cpd/kg/keV

This result offers an additional strong support
for the presence of Dark Matter particles in the
galactic halo further excluding any side effect
= 3"]“ = 460 = 5"]1] = E[IMJ ~ either from hardware or from software

Time {day) procedures or from background

Residuals (epd/kekeV)




Running condl‘l'lons

Running conditions stable at level < 1%

Modulation amplitudes obtained by fitting the time behaviours of main
running parameters, acquired with the production data, when including

a modulation term as in the Dark Matter particles case.

o~ 40 500 ¢ w 0.3
© S X le: S ok hard are rate
_ E — E Moo E W
= » ETemperaturé’™ :Nitrogen Flux an example. & O R
S 350 ( A ; o -
a5 E ;300 : / \T- 0 F i T o B e Y
20 250 F HRNRORR DAMA Na|'6 s o1 E
15 E 200 E B ooz BEo il L1 ! ! .
150 f e 1350 1400 1450 1500 1550 1600 1650 1700
b3 e E time (d)
Distribution of some parameters
DS e e S s 1600 1700
time {d) time (d) ) = _FE" B E Faef = _E|Z E e
g 4n o O o I o sy i =T
—~ 20 — 5 g e ll| § g | =g T = s
--.E 18; 54‘5 css | = 50 :in— - C
< % fRadon £ "4 ‘Pressure : =
Do . ~ 35 & e o -
- » eoutside the 275 ¢ : . N
S 10k BoasE ®F s } b
2 e —shleld ° 2 E » wb :
& S5 E i [
4 e 21 1E 15 20 2 T =l
= 05 F 20 - s |
S - B . R R I w b ‘ s
1400 1500 1600 1700 T 1600 1700 wl WF . L o F
time {d) time (d) s [ j h i‘ ' L H .
I F { |
a P - | T LR RN, [ & |||Jj.!-._|||| @ PR, AT | T o Poasatodean ]l bt iaan
F 1w 19 Z40 zs0 Fidn) 270 s Y o5 B4 Q 2 & 15 -] 1m0 *J 1 —os Q QaNs] o
T, (*C) fux (15h0) pressure [mbar) Radon (HBg/m™) < Ru (Hz)

’ outside the ™
shield

DAMA /Nal-5

DAMA /Nal-6

DANMA /Nal-7

Temperature
Flux
Pressure
Raclon

Hardware rate

—(0.033 £ 0.050)*C

(0.03 £+ 0.08) 1/h

—(0.6 & 1.7)10=* mbar

—(0.09 £ 0.17) Bq~m

(0.10 £0.17)10=2 Hz

(0.021 = 0.055)°C
(0.05£0.14) 1/h
(0.5 £ 2.5)10=% mbar
(0.06 £0.14) Bqg/m?*

—(0.09 £0.19)10~2 Hz

—(0.030 % 0.056)°C
(0.07 £0.14) 1/h

(0.2 £2.8)10~% mbar

—(0.02 £ 0.03) Bq/m*

—(0.22 £0.19)10~2 Hz

All the measured amplitudes well
compatible with zero
+ none can account for the observed effect

(to mimic such signature, spurious effects and
side reactions must not only be able to
account for the whole observed modulation
amplitude, but also simultaneously satisfy all
the 6 requirements)

[for details and for the other annual cycles see for
example: PLB424(1998)195, PLB450(1999)448,
PLB480(2000)23, RNC26(2003)1-73,
EPJC18(2000)283, IMPD13(2004)2127]




Can a hypothetical background modulation
account for the observed effect?

Integral rate at higher energy (above 90 keV), Ry,

* Ry, percentage variations with respect to their mean values for single
crystal in the DAMA/Nal-5,6,7 running periods

— cumulative gaussian behaviour with ¢ ~ 0.9%,
fully accounted by statistical considerations

* Fitting the behaviour with time, Period Mod. Ampl.
adding a term modulated according DAMA/Nal-5 | (0.09£0.32) cpd/kg
period and phase expected for DAMA/Nal-6 | (0.06+0.33) cpd/kg
Dark Matter particles: DAMA/Nal-7 |-(0.03+0.32) cpd/kg

—consistent with zero + if a modulation present in the
whole energy spectrum at the level found in the lowest
energy region — Ry, ~ tens cpd/kg — ~ 100 ¢ far away

[

Cy

frequen

1600
1400
1200
1000

800

400

200 |

600 |

Al

T

A L

\‘

0.1

0 ol

(Ry, - <Ry>)/<Ry)>

Energy regions closer to that where the effect is observed e.g.:

In the same energy region where the effect is observed:
no modulation of the multiple-hits events (see elsewhere)

Mod. Ampl. (6-10 keV): -(0.0076 £ 0.0065), (0.0012 £ 0.0059) and (0.0035 * 0.0058) cpd/kg/keV for
DAMA/Nal-5, DAMA/Nal-6 and DAMA/Nal-7; — they can be considered statistically consistent with zero

No modulation in the background:
these results also account for the bckg component due to neutrons



Can a possible thermal neutron modulation
account for the observed effect? NO

* Thermal neutrons flux measured at LNGS :

®, =1.0810°%n cm? s!' (N.Cim.A101(1989)959) i E e o — 043 bam

(cautiously adopted here and in all the DAMA calculations) ;Na o= 0)10Jbam
TN ;=496
» Experimental limit on the neutrons flux “surviving” the neutron shield in A
the DAMA/Nal Set—up: (0p=1331 keV)
» less sensitive approach: studying some neutron activation channels = @iz
(N.Cim.A112(1999)545): ‘
CDn <59 10'6 n CI’I’I'2 S'1 = — (1389 key)

» more sensitive approach: studying triple coincidences able to give = —
evidence for the possible presence of >*Na from neutron activation 129 (=0

(derivable from EPJA24(2005)51):

-7 -2 -1
D, <4.0 10" ncm™s MC simulation of the process

Evaluation of the expected effect: When @, = 10 n cm s°1:
» Capture rate = ®_ 5, N = 0.17 capture/d/kg * @ /(10° n cm s1) Zi()l ngccglgilg/ell -
» For ex., neutron capture in 2*Na: 2*Na(n,y)**Na; *Na(n,y)**™Na | '

HYPOTHESIS: assuming very cautiously ® =10 n
cm? s and a 10% thermal neutron modulation:

== §_(thermaln) <10-5 cpd/kg/keV (<0.05% S observed) —<r=r=—

In all the cases of neutron captures (**Na, 1281, ...)
a possible thermal n modulation induces a variation

in all the energy spectrum . WJ M
Already excluded also by Ry, analysis, etc. SR v




Can a possible fast neutron modulation NO ‘
account for the observed effect?

In the estimate of the possible effect of the neutron background cautiously not
included the 1m concrete moderator, which almost completely surrounds (mostly
outside the barrack) the passive shield

Measured fast neutron flux @ LNGS: By MC: differential counting rate
®, =0.9107 n cm? 5! (Astropart.Phys.4 (1995),23) above 2 keV = 1073 cpd/kg/keV

HYPOTHESIS: Assuming - very
cautiously - a 10% neutron modulation:

I:> S, (fastm) < 104 cpd/kg/keV (< 0.5% S, cbserved)

Moreover, a possible fast n modulation would induce:
» a variation in all the energy spectrum (steady environmental fast neutrons
always accompained by thermalized component)
already excluded also by Ry,
» a modulation amplitude for multiple-hit events different from zero
already excluded by the multiple-hit events (see also elsewhere)

Thus, a possible 5% neutron modulation (ICARUS TMO03-01) cannot quantitatively
contribute to the DAMA/NaI observed signal, even if the neutron flux would be assumed
100 times larger than measured by various authors over more than 15 years @ LNGS



What we can also learn from the multiple/single hit rates. A toy model

A A
\ / o What about the nuclear cross sections of the particle
_ T . .. . .
| Rmult = Rsin o > (A) responsible of the modulation in the single-hit rate
8 4 v and not in the multiple-hit rate?

N;o7r =Ny,on +Njoy =N '(O'Na+o'|)

The 8 Nal(Tl) detectors in (anti-)coincidence have 3.1x1026 nuclei of Na and
3.1%x10% nuclei of lodine. N= 3.1x1026

R ~R . . '(GNa + 0, ) r.g~10-15¢cm
mult single 4 . r2
o i Amult N - (GNa T 0, )
Therefore, the ratio of the modulation amplitudes is: ~

2
Asingle 47 - rmed
From the experimental data: A_ . ~—(4+8)-107* cpd/kg/keV <10~ cpd/kg/keV;

Ange ® 2107 cpd/kg/keV;

Hence: M <5-107

ingle

In conclusion, the particle (A) responsible of the modulation in the single-hit rate and not in the multiple-hit rate

have:
musthave Oy, +0, <0.2barn

Since for fast neutrons the sum of the two cross sections (weighted by 1/E,
< ENDF/B-VI) is about 4 barns: >
It (A) cannot be a fast neutron




Summary of the results obtained in the investigations of

possible sbystematlcs or side reactions
(see for detaIIS Riv. N. Cim. 26 n. 1 (2003) 1-73, IJIMPD13(2004)2127 and references therein)

Source Main comment Cautious upper
limit (90%C.L.)
RADON installation excluded by external Rn
+3 levels of sealing in HP Nitrogen atmosphere, etc  <0.2% S,_°b
TEMPERATURE  Installation is air conditioned+ <0.5% S, °"

detectors in Cu housings directly in contact
with multi-ton shield— huge heat capacity
+ T continuously recorded +etc.

NOISE Effective noise rejection near threshold

(T,0i~ tens ns, Ty,; ~ hundreds ns; etc.) <1% S,°
ENERGY SCALE  X-rays + Periodical cahbra’uons in the same running COIldlthIlS

+ continuous monitoring of 2!°Pb peak <1% S, °Ps
EFFICIENCIES Regularly measured by dedicated calibrations <1% S °Ps

BACKGROUND No modulation observed above 6 keV + this limit  <0.5% S _obs

includes possible effect of thermal and fast neutrons "

+ no mo ulation observed in the multiple-hits events
in 2-6 keV region

SIDE REACTIONS Muon flux variation measured by MACRO <0.3% S_°bs

= m

+ even if larger they cannot
satisfy all the requirements of
annual modulation signature

Thus, they can not mimic

the observed annual
modulation effect




The positive and model independent
result of DAMA/Nal

* Presence of modulation for 7 annual cycles  « Absence of known sources of possible
at ~6.3c C.L. with the proper distinctive systematics and side processes able to
features of the signature; all the features quantitatively account for the observed
satisfied by the data over 7 independent effect and to contemporaneously satisfy
experiments of 1 year each one the many peculiarities of the signature

No other experiment whose result can be directly
compared in model independent way is available so far

To investigate the nature and coupling with ordinary matter of the possible DM
candidate(s), effective energy and time correlation analysis of the events has to
be performed within given model frameworks

Corollary quests for candidates

 astrophysical models: py,,, velocity distribution and its

M2A | a model ...
parameters Neil

é\ﬂ

-
.

* nuclear and particle Physics models )

* experimental parameters

e.g. for WIMP class particles: SI, SD, mixed SI&SD, preferred
inelastic, scaling laws on cross sections, form factors and
related parameters, spin factors, halo models, etc.

. . - THUS
+ differentisCeneiies uncertainties on models
+ multi-component halo? and comparisons



To “believe” |

....or to investigate
. a model?

4




DM particle-nucleus elastic scattering -1

SI+SD differential cross sections:

g,.(a ,,) effective DM particle-
_( BET) = ( do-] ( dgj = nucleon couplings
dE, SI dE, b <S, > nucleon spin in the nucleus

0 {20, (A= 20 TRiED + 85 ) +a s T RaEp) FUE et fom i

my,, reduced DM particle-nucleon

Generalized SI/SD DM particle-nucleon cross sections: "
323 ’ [ g,- 1
0 ) 2.2 =2 g,+0, g,—-0,(. 2Z
og =— Gemy,,9 Osp = — BOpMy,a g =—"——"e|1- _p_kl__)J
T T 4 2 g,+9, A
_ _ where: 4
g: independent on the used target nucleus since Z/A nearly il — )
constant for the nuclei typically used \ a=qa +a W0O= 2
p
Differential energy distribution:
dR en LMy
= NT (V EVi(v)dv =N, - 2(Eg)- 1(ER) N.: number of target nuclei

dE, Vi (Er )dER 2mNme

f(v): DM particle velocity distribution in

4J+1 , .
> (Eq)= {A oy Ry (Ep) +§T O [(Sp) cos@ +<Sn>sm 9] 2 (E, )} the Earth frame (it depends on v,)
Ve=VeuntVorp,OSOL

f (V) Y4y v MyE:  minimal velocity Vax: Mmaximal DM particle velocity in

min

min (ER) 2m\12VN providing Eg recoil the Earth frame
energy

(B =]"



The inelastic DM — nucleus interaction: W+ N — W* + N
DM particle candidate suggested by D. Smith and N. Weiner (PRD64(2001)043502)

* Two mass states y_ , x_ with & mass splitting

» Kinematical constraint for the inelastic scattering of y_on a nucleus with mass my

becomes increasingly severe for low m Ex. my =100 GeV
1 2 25 mN “’
N 25<:>V2er=1/; 70 41
y A . . . 130 57
Differential energy distribution for SI interaction:
V2 2 kev 4 kav 6 kev _k.ev
thr

_S,/S, enhanced

dO' FmWN [Zg _|_(A Z)g ] F5|(q )

*

dQ 7Z- V Rates )

g,.n effective DM particle-nucleon couplings

dQ* differential solid angle in the DM-nucleon c.m. frame

with respect to the
elastic scattering
case

2 kev 4 kev 6 kev 8 kev

q® = squared threee-momentum transfer Basslt Mkemy
1alized IIL [‘\1 a flunctic nergy for ordinary WIMP s
Nucleus recoil energy: [s]l] lIJi llm:, \\:\1[: i ]] :I S_Elélélll\\\ H i +dl ), and in ]a.l WIMP s
v vV
1_ thr 1— thr COSQ d

2eng2 2 (o2 2G my,
L LSPT S t[zg, +(A-2)g, [ F3 (o)

uN 2 dER v’

Differential energy distribution:

RN 2T 8T B Y vy (Bp) = [ -[HmW—Nﬂ . e = N
dER mW vV dER 2mva mN ER WIMP s ‘lw-ll':- | | |\\[\ll"-w'<‘:|nri|aIi!.'..\h\'l!ﬂ.\'-‘i‘]l"' 100keV and

min my = 50Ge \




Examples of different Form

Spin Independen'r

o (o, O from Helm
Factor for 12T available, . .."% = *(-4¢
0 e (qrn) 75 & 1 A r=4.7 frll}3
in literature 5 Helm AN = LOAT fm
w1k B2 N\ s =0.8 fm
" -1 charge 10 \ —
. 3 EoNoh spherical . \ /3 ™~
Take into account the . 2\l Jistribution T A N
structure of target nuclei ' =/ 4 \ /
07 \ /- [ | 10 f'
-4 j TN 3
: r,=561
+ In SD form factor: no 0 W\ 105 S124™ tm |
. -5 T
de;%"’"g%bﬂwee” n#c:ear 0 05 10 15 20 25 30 0 5 10 15 20 25 30 35
e icle
o = - Eevicles E, (keVee) E; (keVee)

degrees of freedom;

—(qr, )y /5
dependence on nuclear £

Spin DependenT from Ressell et al.

_ - . Ae_al(qr) +(1 A)e_%(qr) 6=2.435 rad, a /a =-0.85
potential. = “thin shell” =
= [ distribution N: | o
B . b=0.8A""fm
= _ Bonn-A b=0.8A"*fm
10 - \%/ / Smithetal, TEEY \Nijmegen i
Similar Situation | _ -.\\_l......_......_“_\__Astrop.Phys.6(1996) 87 | SN\
for all the target 107 N 2
° ° _/’/ 10 E o~
nuclei considered : T
in the field ANEEIanE , Bonn-A l&fjl.ﬂzz”ﬁfﬁ
1 T R A RTINSt ijmegen Il
L 0 5 10 15 20 25 30 L 0810105202530

E; (keVee)

Ep (keVee)



The Spin Factor

Spin Factors for some target-nuclei Spin Factors calculated on the basis of
calculated in simple different models Ressell et al. for some of the possible 0
values considering some target nuclei

. _ | and two different nuclear potentials
Target-Nucleus | single particle | odd group | Comment
29Gi 0.750 0.063 Neutron is Target-Nucleus / | 6=0 | 6=n/4 | 0=n/2 | §=2.435
3QGe 0.306 0.065 the unpaired nuclear potential (pure Zy
129%e 0.750 0.124 nucleon coupling)
131X e 0.150 0.055
'H 0.750 0.750 ZNa 0.102 | 0.060 | 0.001 | 0.051
YF 0.750 0.647 1271 /Bonn A | 0.134 | 0.103 | 0.008 | 0.049
**Na 0.350 0.041 Proton is 127] /Nijmegen II | 0.175 | 0.122 | 0.006 | 0.073
“TAl 0.350 0.087 | the unpaired 129%e/Bonn A | 0.002 | 0.225 | 0.387 | 0.135
YGa 0.417 0.021 nucleon 129%¢ /Nijmegen IT | 0.001 | 0.145 | 0.270 | 0.103
"Ga 0.417 0.089 181Xe/Bonn A | 0.000 | 0.046 | 0.086 | 0.033
P As 0.417 0.000 131X e /Nijmegen IT | 0.000 | 0.044 | 0.078 0.029
11 0.250 0.023 15T /Bonn A | 0.000 | 0.124 | 0.247 | 0.103
1257 /Nijmegen 11 | 0.000 | 0.156 | 0.313 0.132

Spin factor = A2J(J+1)/a ?

(a,= a, or a,depending on the unpaired nucleon) Spin factor = A2J(J+1)/a?
tgd = % (0<6<nm)

Large differences in the measured counting rate can be expected: g

» when using target nuclei sensitive to the SD component of the interaction (such as e.g. 2Na and '7I) with the respect
to those largely insensitive to such a coupling (such as e.g. "*Ge, "3Sj, "atAr, 12{Ca, "atW, natQ);

* when using different target nuclei although all — in principle — sensitive to such a coupling, depending on the
unpaired nucleon (compare e.g. odd spin isotopes of Xe, Te, Ge, Si, W with the 2*Na and '*’I cases).



Quenching factor

Quenching factors, g, measured by
neutron sources or by neutron beams
for some detectors and nuclei

Ex. of different q determinations for Ge

w

04

- Astrop. Phys.3(1995)361

0.4 |-

i

03 |

0.2s '1**}%%‘%
015 [ 1 ]
01 1 8 .:D 20 30 40 %0 60 70 80 90i00

lonization efficiency

Calculated recoil energy Fg (keV)

e differences are often present in different
experimental determinations of g for the
same nuclei in the same kind of detector

e e.g. in doped scintillators g depends on
dopant and on the impurities/trace

contaminants; in LXe e.g.on trace impuritieg

on initial UHV, on presence of

degassing/releasing materials in the Xe, on

thermodynamical conditions, on possibly
applied electric field, etc.

e Some time increases at low energy in
scintillators (dL/dx)

... and more

recoil/electron response ratio measured with a

neutron source or at a neutron generator

Nucleus/Detector | Recoil Energy (keV) q Reference
Nal(T1) (6.5-97) (0.30 £ 0.01) for Na [46]
(22-330) (0.09 £ 0.01) for I [46]
(20-80) (0.25 + 0.03) for Na [119]
(40-100) (0.08 £ 0.02) for I [119)]
(4-252) (0.275 + 0.018) for Na [120]
(10-71) (0.086 % 0.007) for 1 [120]
(5-100) (0.4 + 0.2) for Na [121]
(40-300) (0.05 + 0.02) for I [121]
CaF3(Eu) (30-100) (0.06-0.11) for Ca [120]
(10-100) (0.08-0.17) for F [120]
(90-130) (0.049 £ 0.005) for Ca [45]
(75-270) (0.069 + 0.005) for F [45]
(53-192) (0.11-0.20) for F [122]
(25-91) (0.09-0.23) for Ca [122]
CsI(T1) (25-150) (0.15-0.07) [123]
(10-65) (0.17-0.12) [124]
(10-65) (0.22-0.12) 125
CsI(Na) (10-40) (0.10-0.07) 125
Ge (3-18) (0.29-0.23) 126
(21-50) (0.14-0.24) [127]
(10-80) (0.18-0.34) [128]
(20-70) (0.24-0.33) [129]
’ Si (5-22) (0.23-0.42) [130]
22 (0.32 £ 0.10) [131]
Liquid Xe (30-70) ( 0.46 £ 0.10) [72]
(40-70) (0.18 = 0.03) [132]
(40-70) (0.22 + 0.01) [133]
Bolometers -

assumed 1 (see also
NIMAS507(2003)643))




Consistent Halo Models

 Isothermal sphere = very simple but unphysical halo model; generally not considered

» Several approaches different from the isothermal sphere model: Vergados PR83(1998)3597,
PRD62(2000)023519; Belli et al. PRD61(2000)023512; PRD66(2002)043503; Ullio & Kamionkowski
JHEP03(2001)049; Green PRD63(2001) 043005, Vergados & Owen astroph/0203293, etc.

Class A: spherical ppp, isotropic velocity dispersion

Models accounted in the following

(Riv. N. Cim. 26 n.1 (2003)1-73 and previously in
PRD66(2002)043503 )

* Needed quantities

AO | Isothermal Sphere

Al | Evans’ logarithmic [101]
A2 | Evans’ power-law [102]
A3 | Evans’ power-law [102]
A4 | Jaffe [103]

A5 | NFW [104]

AG | Moore et al. [105]

AT | Kravtsov et al. [106]

R. =5 kpc
R. =16 kpe, 5 =0.7
R.=2kpec, 3=-0.1
a=1,3=4~v=2 a=160 kpe
a=1,3=3~v=1,a=20kpc
a=15 0=3v=15 a=28kpc
aw=2 0=3~v=04,a=10kpe

— DM local density  py= ppm (R,= 8.5 kpc)

Class B: spherical ppn, non—isotropic velocity dispersion

(Osipkov—Merrit, 39 = 0.4)

— local velocity Vo= V. (R, =8.5kpc)

— velocity distribution f (V)

+ Allowed ranges of p, (GeV/cm?) have been
evaluated for v;=170,220,270 km/s, for each
considered halo density profile and taking

B1 | Evans’ logarithmic
B2 | Evans’ power-law
B3 | Evans’ power-law
B4 | Jaffe

B5 NFW

B6 , Moore et al.

B7 | Kravtsov et al.

R. =5 kpc
R. =16 kpe, 3 =0.7
R. =2 kpe, 3 =-0.1
a=13=4~v=2 a=160kpe
a=1,3=3v=1,a=20kpc
a=15 3=3v=15 a=28kpc
a=20=3,v=04,a=10kpe

Class C: Axisymmetric ppm

into account the astrophysical constraints:

V, =(220+50)km-s™
1-10°M, <M, <6-10°M,,

Cl | Evans’ logarithmic
C2 | Evans’ logarithmic
C3
C4

Evans’ power-law

Evans’ power-law

R.=0,g=1/v2
R.=5kpc, ¢g=1/V2
R. =16 kpe, ¢ =0.95, 3=0.9
R

Class D: Triaxial ppwm [107] (g = 0.8,

0.8-v, <V, (r=100kpc)<1.2-v,

rot

NOT YET EXHAUSTIVE AT ALL

D1 | Earth on maj. axis, rad. anis.

D2 | Earth on maj. axis, tang. anis.
D3 | Earth on interm. axis, rad. anis.
D4 | Earth on interm. axis, tang. anis.

0 =—-178
0 =16
0 =—1.78
0=16




DM particle with dominant S| coupling

Region of interest for a neutralino in Model dependent lower
supersymmetric schemes where ARl T ) e

assumption on gaugino-mass :
unification at GUT is released and for _aS SlEES] T lTEP ekl
in supersymmetric

“generic” DM particle
schemes based on GUT

(Riv. N.Cim. vol.26 n.1. (2003) 1-73, IIMPD13(2004)2127)

DM particle with elastic SI&SD interactions
(Na and | are fully sensitive to SD interaction, on the
contrary of e.g. Ge and Si) Examples of slices of the

allowed volume in the space (£og;, oy, myy, ) for = assumptions (DPP2003)
some of the possible 6 (tgd =a /a_ with 0<O<n) and m,, | dlN I
- ©'10 If e.g. SD higher mass region
: :‘;’.‘1‘1""'}"“1‘ “I allowed for low v,

not exhaustive 4 goes dumm every set of

+ different parameters’ values

scenarios and the halo

-6 models: Evans’

logarithmic C1 and

C2 co-rotating,

Already most of these allowed
volumes/regions are unexplorable e.g.
by Ge, Si,TeO,, Ar, Xe, CaWOQO, targets

triaxial D2 and D4
non-rotating, Evans
power-law B3 in
my (GeV) _SetA

particle with dominant SD coupling

_ volume allowed in

B IRl the space (my,,

2 Eogp.0); here

6 107 . example of a slice
H coniroulnm =

this region for 9—7‘E/4 (O<e<n)

oes down

)

ﬂiﬁ‘

L
Aot ww?t 1wt ww? w' o wet w' ow

Sogp (Pb) Regions above 200

DM particle wit

inelastic interaction:
W+N->W*"+N (S,/S
enhanced): examples o? slices

the allowed volume in the spaq
(&o,, my,0) [e.g. Ge disfavoured]

0 200 400

| T 1T
Ollkey)

m,, (Ge¥)

GeV allowed for low
v,, for every set of
parameters’ values
and for Evans’
logarithmic C2 co-
rotating halo models




An example of the effect induced by a non-zero
SD component on the allowed SI regions

* Example obtained considering Evans' logarithmic axisymmetric C2 halo model
with v, = 170 km/s, p, max at a given set of parameters

» The different regions refer to different SD contributions with 6=0

10 A small SD contribution =

— E: H
= -a) ogy = 0 pb; b) ogp = 0.02 ph; drasti e
i . astically moves the allowed region in
£ 3l og=0.04pb;  d) oy = 0.05 ph; y 5
7z
©
vy

10 ‘le)o,i=0.06pb; ) g =0.08 phby the plane (my, {og,) towards lower SI
4ft. cross sections (§og; < 10-° pb)

Similar effect for whatever
considered model framework

e There is no meaning in bare comparison
between regions allowed in experiments
sensitive to SD coupling and exclusion plots
achieved by experiments that are not.

e The same is when comparing regions allowed

10 SUNETE YTV ST Y by experiments whose target-nuclei have
0 50 100 150 200 unpaired proton with exclusion plots quoted
by experiments using target-nuclei with
My (GeV) unpaired neutron where 6 = 0 or 0 = T.




Supersymmetric expectations in MSSM

A. Bottina, F. Donate, M. Fornengo, £ Scopel {20069

108 1 S
» Assuming for the neutralino a : N
dominant purely ST coupling

R E

‘when releasing the gaugino :

mass unification at GUT scale:
M,/M,=0.5 (<);

(where M; and M, U(l; and
SU(2) gaugino masses

barn)

(=]
@

|:“

£ 1079 |

£ rylnucleon)
L0 s

10-10 |

low mass_configurations
are obtained

10-11

5 10 a0 100 500
m, (GeV)

figure taken from PRD69(2004)037302

scatter plot of theoretical configurations vs DAMA/NaI allowed region in the given model
frameworks for the total DAMA/NaI exposure (area inside the green line);

(for previous DAMA/NaI partial exposure see PRD68(2003)043506)



either other uncertainties or new models?

Two-nucleon currents from pion exchange in the nucleus:

FIG. 1@ Two-nueleon diagrams that contribute to WIMP-nuelens seattering where the WIMP is generally denoted by A", Graph
(a) is of O(1/¢%), graphs (b) and (¢) are of O(1/g) while the contact term of graph (d) is of O(1). The exchange diagrams are
not included. The filled circles represent the non-standard model vertices.
J:.‘,r—h-—,—h-—;f — = - > - ———
1 )‘:‘ fj'] i B I I
4.0
iy ; #
“x-’_\;z | |
_i".)2 q"ﬁ o i]i, Pl | |
o -l _ _
B (a) : ib) (d)

“In supersymmetnc models, the one- nucleon current genencally progd

the degree of the caricellation. Thuf, when the two-current contribution is taken into account, a
dark-matter candidgte that appearg§ in DAMA but not in other searches [14] is conceivable for a

WIMP with SI intg fvithin the framework of the MSSM....”
Prezeau, Kamionkowski, Vogel et al., PRL91(2003)231301

o ,culA2(l+e,) e, =0  “usually”

es~*1  here in some nuclei?

Different scaling laws for a DM Different Form Factors, e.g.
particle with SI interactions even +  the recently proposed by
within the framework of the MSSM? Gondolo et al. hep-ph/0608035



The Sagittarius Dwarf Elliptical Galaxy and the Dark Matter

In 1994 —1995 a new object: the “Sagittarius Dwarf
Elliptical Galaxy”, has been observed in the vicinity
of the Milky Way, in the direction of the galactic
center and in the opposite position with respect to the
solar system.

oalactic halo

f .}." R

By S T T

The motion direction of the Sagittarius DEG was well different than that of the other
luminous objects in the Milky Way and, thus, it has been discovered that the observed
stars belong to this dwarf galaxy satellite of the Milky Way, which 1s going to be
captured.

This dwarf galaxy has a very long shape because of the tidal strengths suffered during
about 10 revolutions around the Milky Way.



Simulation of the deformation of the The Sun is at about 2 kiloparsec from the
SagDEG due to the tidal strengths

during its revolutions around the

center of the main tail

A particle Dark Matter flux from the dark
halo of SagDEG, with a velocity of about
300 km/s perpendicular to our galactic

plane, 1s expected.
Estimated density: [1 - 80] 103 GeV/cm?

that 1s (0.3-25)% of the local density.




Investigating halo substructures by underground expt
through annual modulation signature

EPJC47(2006)263

Possible contributions due to the tidal stream of
Sagittarius Dwarf satellite (SagDEG) galaxy of Milky Way
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SOME EXAMPLES

. ! 0-7 1(;0 260 3&0 430 S&I)D 6[;0 ?IIJO ao0
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50 GeV
“ 110 GeV
= 230 GeV i SO N STV O ¥ i ST RPN PRI R
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Constraining the SagDEG stream by DAMA/Nal
for different SagDEG velocity dispersions (20-40-60 km/s) EPJC47(2006)263
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This analysis shows the possibility to investigate local halo features by annual modulation
signature already at the level of sensitivity provided by DAMA/NaI, allowing to reach
sensitivity to SagDEG density comparable with M/L evaluations.

The higher sensitivity of DAMA/LIBRA will allow to more effectively investigate the
presence and the contributions of streams in the galactic halo




.. other astrophysical scenarios?

Possible other (beyond SagDEG) non-thermalized component in the galactic halo?
In the galactic halo, fluxes of Dark Matter particles with dispersion velocity
relatively low are expected :

Possible presence of caustic rings

— streams of Dark Matter particles

P. Sikivie, Fu-Sin Ling et al. astro-ph/0405231

- 2
= - d

Interesting scenarios for DAMA

Effecton |S,/S,| Effect on the phase of
respect to "usually” annual modulation
adopted halo models? signature? :
Canis Major
Other dark matter stream from satellite galaxy Zgg'a:/%’; 019/
of Milky Way close to the Sun? g ol
: Position of the Sun: = Z°| &
..... very likely.... (-8,0,0) kpc i

Can be guess that spiral galaxy like Milky Way have been formed T e
capturing close satellite galaxy as Sgr, Canis Major, ecc... e ——

U el voctal wiocly (ora/s)



Investigating electromagnetic contributions

In searches for WIMP candidates
1 - IJMPA 22 (2007) 3155
lonization and the excitation of

bound atomic electrons induced — the recoiling nucleus can "shake off" some of

by the presence of a recoiling the atomic electrons
atomic nucleus in th_e case of_the » — recoil signal + e.m. contribution made of the
WIMP-nucleus elastic scattering escaping electron, X-rays, Auger electrons

(named hereafter Migdal effect) arising from the rearrangement of the

atomic shells
The effect is well known since long time — i i
9 — e.m. radiation fully contained in a detector of

Example suitable size
T 3 accounting for
S 1-32 S Gz Migdal effect
< 10 < 10 .
2 _ T — Without
a 10 My = 4 GeV o 10 my=3GeV | = =ccecec---- .
1 i Migdal effect
—1 —1
1-:_2 ‘G_z \ Adopted assumptions in the examples:
Y, o i) WIMP with dominant Sl coupling
1':_4 "'3_4 and with oo« AZ;
1':-5 ‘(f—!‘: ii) non-rotating Evanslogarithmic
1"‘_5 | W | ':_E o | galactic halo model with R.=5kpc,
10 1IIII2IIII5IIII4IIIIEIIIIE 0 1IIII2IIII3I-III4IIII5II IIE VO:17Okm/S, pO:0’4ZGeVCm-3
energy (keV} energy (keV) iii) form factors and g of 2°Na and 1271
_ ) _ as in case C of Riv.N.Cim 26 n1
Although the effect of the inclusion of the Migdal effect (2003)1

appears quite small:

- the unquenched nature of the e.m. contribution can give an
- the behaviour of the energy distribution for nuclear appreciable impact at

recoils induced by WIMP-nucleus elastic scatterings low WIMP masses
- etc.



Examples of the impact of the accounting for the e.m. contribution

to the detection of WIMP candidates IIMPA 22 (2007) 3155

Example of a WIMP with dominant SI coupling Example of a WIMP with dominant SD coupling

— ::; 107 = 107k
£ 10% additional allowed ~ 109 0=0 < 10% ©=2.435
— 10} 1/1'egion when 0% £ 0%
7
”8\ 1 b accounting for the 1°:' %& 10:'
10'1r Migdal effect 125 122:
103 10 10 |
107} 1 g
-4 10 107t
10_55’ 10 10
10_r 10 : : 10 : :
10°° 10 10° 1 10 10° ]
o 7F my, (GeV) my, (GeV)
-8 . . .
107t Two slices of the 3-dimensional allowed volume

2
1:12‘, (GeV) (Eosz :my: 0) in the considered model
frameworks for pure SD coupling

10

[

Region allowed in the (Eog; :my)
plane in the considered model

frameworks for pure SI coupling; _ _ _ _
GeV mass DM particle candidates have been widely proposed in

Example of a WIMP with S1&SD coupling literature in order to account not only for the DM component of
= Gl Ozl S=ad Bwids the Universe but also other cosmological and particle physics
2 Z 77 topics (Baryon Asymmetry, discrepancies between observations
J?: 2Gev and LCDM model on the small scale structure, etc.)

Among DM GeV mass condidates: 1) H dibarion (predicted in
TO ey, Standard Model); 2) a real scalar field in extended Standard Model;
3) the light photino early proposed in models with low-energy
supersimmetry; 4) the very light neutralino in Next-to-MSSM model;
5) the mirror deuterium in frameworks where mirror dark matter
interations with ordinary matter are dominated by very heavy
particles; ...

200 GeV

016 100 100 107 100 100 10° 100 10°
. Sp {Db} i
Examples of slices of the 4-dimensional

allowed volume (&oyg, ; Eosp ; Myy; 0) In the
considered model frameworks



Further uncertainties in the quest for WIMPs:
the case of the recoils’ quenching

In crystals, ions move in a different manner than that in ROM2F/2007/15, to appear
amorphous materials.
In the case of motion along crystallographic axes and planes, a arXiv:0706.3095

channeling effect is possible, which is manifested in an

anomalously deep penetration of ions into the target. Well-known effect, discovered on

Ch ann el | n q effect | nc I’VSta| S 1957, when a deep penetration of
134Cs* ions into a Ge crystal to a
Occurs in crystalline materials due to correlated collisions of ions | depth A, = 10° A was measured
with target atoms. (according to SRIM, a 4 keV Cs* ion
would penetrate into amorphous Ge
toadepth A, =44 A, S,/S, = 32 and
g=0.03). Within a channel, mostly

Steering of the ions through the open channels can result in
ranges several times the maximum range in no-steering

directions or in amorphous materials. . . :
electronic stopping takes place (in the

Electronic losses determine the range and there is very little given example, A = A,/q = 1450 A).

straggling.

When a low-energy ion goes into a channel, its energy losses are mainly due to the electronic
contributions. This implies that a channeled ion transfers its energy mainly to electrons rather
than to the nuclei in the lattice and, thus, its quenching factor approaches the unity.

pant
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wet
wav
T
.
.
.......
¥
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ar®
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E
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Rion (E) = Rel. ( E) /\ Unchanneled ion — ... RELCl

L ~L

ion el

Channeled ion



Modeling the channeling effect: critical angles for channeling
J. Lindhard, Mat. Fys. Medd. K. Dan. Vidensk. Selsk. 34 (1965) 1.

Axial channeling. Lindhard’s channeling theory treats channeling of low energy, high mass ions as a separate
case from high energy, low mass ions. For low energy, high mass ions (recoiling nuclei) Lindhard’s critical
angle ¥_is given by:

2
CaTF C?=3, d is the interatomic spacing in the crystal along the ¥ — 2leze
Y = LPI channeling direction. The characteristic angle ¥ is defined as: ! ERd

c d \/E

Z, and Z, are the atomic numbers of the projectile (recoil nucleus) and target atoms, respectively, Ex is
the recoiling nucleus energy, e is the electronic charge and a;: the Thomas-Fermi radius

. g a 22,Z,€ed
This equation is valid for ¥, >W¥,, = f — E, <E,,, =———— more than 150 keV for Nal(TI)
’ arr
The critical angles should not depend on the temperature 1
At higher energy, the critical angle is: C‘I’l 0.9 k Fraction of solid angle

planar channeling in Nal(Tl)

Z,2,€ J% 0s |  interested by both axial and
crystals as a function of Eg

Planar channeling. gpl =a, - /Ndp [ =
“Qrp

N is the atomic number density, d, is the inter-plane spacing.

At higher energy, the critical angle is: 6, =a;. -\/Nd,

1
(2z2,2,¢’C %
E “Arp

AQ/4T

Axial channeling considering the lower index crystallographic
axes: <100>, <110>, <111> and planes: {100}, {110}, {111}




Modeling the channeling effect:

Examples of light responses

lodine 4 keV lodine 40 k

o energy resolution

oo | Quenched peak with

o /f‘~\the straggling effect

1N 0 A c ; Dechanneled events

E {kevea)} wig 2 E (kavee)

I Channeled events (q=1)
D-DZZ OE_J/I\JZ_ 4 Doi D_ |1‘o‘ - IzloI 30 40

Sodium 4 keV Sodium 40 keV

The effect of channellion_g on the energy spectra.
Nal(T1) (as those of DAMA)

i | differential rate, S,
m,,=20 GeV )
- 10
ure SlI P
p f‘nl“ 2
cg=10" pb <
halo model A5 gh ~

0

=

n &
T

NFW, v,=220 km/s, p, .,

ROM2F/2007/15, to appear

Fraction of events withq ~ 1

(channeled events)

10

FF parameters and q
factors at the mean values
(case A in RNC26(2003)1)

.10 ¢
channeling
10 bl

v by b b b by
10 12 14 16 18 20
E ;. (keVee)

=
-
E Iodine recoils
=
-
10 '35
Sodium recoils
1o “:] o .].ﬂ ..... {| ]. .JIII 4‘ll (1] [-I"
ER (keV)
An example:
10 ¢
; differential modulation
1= .
- amplitude, S,
~ 10 .1?
<P]
=2
)
=
=
=N E
g -
w A
o -
o
10 L | L L

v b b v b b Py
10 12 14 16 18 20
E . (keVee)



What about the neutron calibrations of Nal(Tl) detectors?

MEASUREMENT OF THE SCINTILLATION EFFICIENCY
OF Na RECOILS IN Nal(Tl) DOWN TO 10 keV NUCLEAR SICANE: a Detector Array for the ROM2E/2007/15.
RECOIL ENERGY RELEVANT TO DARK MATTER Measurement of Nuclear Recoil , 10 appear
SEARCHES Quenching Factors using a
H. CHACANI*, P. MAJEWSKD*, E, J. DAW, V. A. KUDRYAVTSEV, and Monoenergetic Neutron Beam
N. J. C. SPOONER

* neutron data can contain

arXiv:physics/0611156 (IDM 2006) NIMA 507 (2003) 643 ranneledeloe
E 2 [ E 0 :, b) Na Recoil Energy: 50 keV .
5 18 T a) Na Recoil Energy: 10 keV 8 C ] e but — owing to the low-

statistics of these
measurements and to the
small effect looked for —
they cannot be identified

16

: Example of

experimental data
vs channeling

modeling

14 [
12 [

10 F

* At higher energy and for
lodine recoils the
channeling effect becomes
less important and gives

05 0 s W s a0 45 s more Suppressed

Eg4.¢ (keV) contributions in the

neutron scattering data

0.05 -

«—No energy res.

Detector responses with energy res.

to 10keV and 50keV "¢
Na recoils in Nal(Tl)
taking into account i
the channeling effect. |

... broadened by N
energy resolutions: |

Therefore, there is no hope to
identify the channeling effect

/\\ : in the already-collected
R R B e T T s e e neutron data on Nal(Tl

Recoil Energy (keVee) Recoil Energy (keVee)

0.01 -




a significant impact in the sensitivities of the Dark Matter - ..
direct detection methods when WIMP (or WIMP-like) ¥e
candidates are considered.

Channeled ion

Effect for DM direct detection experiments

* Lower cross sections explorable for WIMP and WIMP-like candidates by crystal
scintillators, such as Nal(Tl) (up to more than a factor 10 in some mass range),
lower recoil energy thresholds, lower mass thresholds, ...

» The same holds for purely ionization detectors, as Ge (HD-Moscow — like).

 Loss of sensitivity when PSD is used in crystal scintillators (KIMS); in fact, the
channeled events (g~1) are probably lost.

* No enhancement on liquid noble gas expts (DAMA/LXe, WARP, XENON10,
ZEPLIN, ...).

* No enhancement for bolometer double read-out expts; on the contrary some
loss of sensitivity is expected since events (those with q;,,=1) are lost by
applying the discrimination procedures based on q;,,«1.
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In advanced phase of investigation: electron interacting DM

* The electron in the atom is not at rest.

* There is a very-small but not-zero probability to
have electrons with momenta of * MeV/c.

» Ex.: Compton profile for the 1s electron of lodine:

Jlkev™)

For relativistic electrons: d . F ..
towards an investigation on

L] 1 _3_-
< S
E__~fB..p the sterile v as po hglble
further candidate
where, B,,~102 is the DM velocity and p is the electron
momentum. Thus, when p is of order of MeV/c, scattered
electrons with keV energy can be produced 0 F
— They can be detectable.
— The modulation is expected, due to B, dependence.

Although the probability of interacting with a *MeV S

1) | 1 Lol 1 Lol

momentum atomic electrons is very tiny, this process 10 L
can be the only detection method when the interaction with the nucleus is absent.

Candidates interacting only with electrons are expected, e.qg.:
+ in theories that foreseen leptonic colour interactions: SU(3),x SU(3),x SU(2), x U(1) broken at low energy.
 in models where they interact through a neutral current light (MeV scale) U boson.



Another class of DM candidates:

light bosonic particles

ITMPA21(2006)1445

\_

The detection is based on the total conversion
of the absorbed mass into electromagnetic radiation.

In these processes the target nuclear recoil is neqgligible and not involved in the detection

process (i.e. signals from these candidates are lost in experiments applying rejection procedures

of the electromagnetic contribution, as CDMS, Edelweiss,CRESST, WARP, Xenon,...)

~

/

Axion-like particles: similar phenomenology with ordinary matter as the axion, but
significantly different values for mass and coupling constants allowed.

A wide literature is available and various candidate particles have been and can be
considered + similar candidate can explain several astrophysical observations
(AP23(2003)145)

A complete data analysis of the total 107731 kgxday exposure from DAMA/Nal has been
performed for pseudoscalar (a) and scalar (h) candidates in some of the possible scenarios.
Main processes involved in the detection:

They can account for the
DAMA/NaTI observed effect as
well as candidates belonging to
the WIMPs class

Compton-like

Axioelectric

or Photoelectric-like

——————

Primakoff




Pseudoscalar case:
Analysis of 107731 kg day exposure from DAMA/Nal.

DAMA/Nal allowed region in
the considered framework.

contributions
fermion couplings

All these configurations are
allowed by DAMA/Nal
depending on the relative
of charged

0.5 1 / 2 3

4 5 6 78910

m, (keV)

region almost indipendent on
other fermion coupling values.

Also this can account for the
DAMA/Nal observed effect

coupling to photons

vanish at first order/

zg ga§e+3%gaad +3%gaﬁu

9
A m, m

e u

ITMPA21(2006)1445

Considered dark
halo models as in refs.:

Riv.N.Cim. 26 n.1. (2003) 1-73
IJMPD 13 (2004) 2127

Maximum allowed
photon coupling

] DAMA/Nal allowed reffion depending
= ON gy, and 9.

I coupling model Tj
&
Only electron Of
coupling
1,=15QGy

1
’ g 10
Di Lella, Zioutas (1—;
AP19(2003)145 10

majoron as in PLB 99 (1981) 411

10

— 15>

:|z0 (gaee o= ga&d z_gaUu OCTSJ
m, m, m




Scalar case: ITMPA21(2006)1445

Analysis of 107731 kg day exposure from DAMA/Nal.

DAMA/Nal allowed region in Considered dark
the considered framework. halo models as in ref:

Riv.N.Cim. 26 n.1. (2003) 1-73
IJMPD 13 (2004) 2127

Just an example: all the
couplings to quarks of the
same order <« lifetime x 107
dominated by u & d loop

1 >

q

% 9hdq
md

2 aQ 2 Y4 9hgq. z_za_|:%ghuu +
T

3rrm m

u

10 | I L | I I I I
0.5 1 2 3 6 9WO

< eV)
ghNN (ghuu+2ghdd) (ghuu ghdd)

*Annual modulation signature present
for a scalar particle with pure coupling
to hadronic matter (possible gluon
coupling at tree level?).

*Compton-like to nucleus conversion is
the dominant process for particle with
cosmological lifetime.

Also this can account for the
DAMA/Nal observed effect i

-0.05 [

“,H‘HH T

Many other configurations of
cosmological  interest  are
possible depending on the s
values of the couplings to other i

quarks and to gluons.... 205" o5 0 705 o o0 o1 615 oz,

e
*Allowed by DAMA/Nal (for m, > 0.3 keV )

01 E

T,> 15 Gy (lifetime of cosmological interest)

*m,=3.0+1.5MeV my=6.0+2.0 MeV




Scalar case:

For scalar case the
photoelectric —like effect is
the dominant process but
have not the modulated
component:

excluded region in the
considered model framework

gL A coupling to electrons
i can be excluded from data
in this scenario.

a———v-——
a.h Y 4
\\\\
i i + _
Zye —D—D—D—Z,e Ze —I-—I-—I-— e
—_ e p— +

Ze—-——i——-—— Ze

.I'III\II|IIIIIIII‘\IIIIIIIIIII‘!IIIlIIIIlII\\

2 3 4 5 6 7 8 / 9 \ Compton-like Axioelectric Primakoff
M, (keV) or Photoelectric-like
J
h SO’Sm SO SO’Sm




scatter plot of theoretical configurations vs DAMA/Nal
allowed region in the given model frameworks for the i
total DAMA/NaI exposure (area inside the green line) 10710 |

. supersymmetric expectations in MSSM

* Assuming for the neutralino a dominant purely SI coupling

 when releasing the gaugino mass unification at GUT scale: M;/M,#0.5 (<); (where
M; and M, U(1) and SU(2) gaugino masses) low mass configurations are obtained

. other DM candidate particles, as (see literature) =

A. Botting, F. Donate, M. Fornenge, 2. Seopel {200:1)

DAMA/NalI vs ... SN |
- PRD69(2004)037302

barn
=
b

£ 1079 3

¢ ry(mucleon)
& T zcatar

self-interacting dark matter

+
mirror dark matter

G heavy v of the 4-th famiD

Kaluza-Klein particles (LKK)

compatibility

ackground PLB536(2002)263

= HEAT]%4.95]
HEAT] 2CHAY

= Hupgsizsa LEP {m=21GeV, Bs=T7.7, Bp=0.77, x'. Iil.ﬁ:-:

== Wine L5P {m=1315GeV, Ds={.9, Bp~0.7. :g: 1153

¢ energy (lreV)

eavy exoftic canditates, as
"4th family atoms”

light bosons

.. indirect searches of DM particles in the space

* Positron excess (see e.g. HEAT)
- Excess of Diffuse Galactic Gamma Rays for energies above 1 GeV in the galactic

disk and for all sky directions (see EGRET).

interpretation, evidence itself, derived m,, and cross sections depend e.g.
on bckg modeling, on DM spatial velocity distribution in the galactic halo, etc.

Hints from indirect searches are not in conflict with
DAMA/NaI




Indirect detection -

Dark Matter particles may accumulate in Sun/Earth, in detector
galactic halo
\
annihilate

\

high energy neutrinos, y’s, anti-p and e*

Search for an excess over a (not well known) background

antimatter signature .
v, signature
* Search for antimatter

excess in cosmic rays * Best signature from v, producing up-ward going .

« Space detectors @ ¢ Underground, underwater, underice detectors

Y signature

* Search for quasi-monoenergetic y’s in
cosmic rays

* Space detectors

The results depend on the background modeling and on the astrophysical, particle
and nuclear Physics assumptions
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It was noticed that the EGRET data show

an excess of gamma ray fluxes for energies The EGRET Excess of Diffuse Galactic Gamma Rays

above 1 GeV in the galactic disk and for all L Dark Miatier T EGRET
Sky directions. Pion decay background

Inverse Compton I signal
Bremsstrahlung  &{3% m,,,,,=50-70 GeV

-Positron Ratio

sBackeround from normal
production

i
i / . e
____________ ' T /' neutralino annihilations
- e g (Plys K
g

I/'\
o
+

h
[})

~

+
[

o
Q
s}
[S)
—
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o
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o
L
O

CAPRICE98 el / | @ Caprice98 data from
AMS R JOOVIICRC, OG 1,121, 1999
CAPRICE94 C 3

s HEAT94+95 * Caprice94 data from
Clem et al. 1996 . . ApJ, 532,653, 2000
TS93 g
MASS89
Golden et al, 1987
Muller & Tang 1987
Daugherty 1975
Fanselow 1969

EGRET data, W.de Boer, hep-ph/0508108

interpretation,.evidence itself, derived m,, and
cross sections depend e.g. on bekg modeling, on DM
spatial velocity distribution in the galactic halo, efc.

e energy (GeV)



... not only neutralino,

... Sneutrino, ...
PLB536(2002)263

background
=  HEAT[94.95]
HEAT[2000]
==+ v only (m=45.6 GeV, Bs=286, Bp=0.71, 3 =20)
3. — vonly (m=93 GeV, Bs=22, Bp=0.66, 7-=10)
== vand N (m=51 GeV, Bs=11. Bp=0.97, 3 =0.0)

e energy (GeV)

background
< HEAT[94,95]
HEAT[2000]
spectrum from & source only
combined with backgroud positron

1 1o 100

e energy (GeV)

but also e.g. ...

... or Kaluza-Klein DM
PRD70(2004)115004 .

positron fractio

0.20

0.07

0.05 f

0.03F}

0.0zl

| " | | | "
2 S 10 20 50
Ee+(GeV)

... or neutrino of 4t family

hep-ph/0411093

Example of joint analysis of DAMA/NaI and
positron/gamma’s excess in the space in the light of two

DM particle components in the halo
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FAQ ... DAMA/NaI “excluded” by some others ?
OBVIOUSLY NO o

Yy
They give a oo'i;%ﬁ;;e o
DAMA/NaI gives ol )

Case of DM particle scatterings on target-nuclei
OBVIOUSLY NO

The results are fully "decoupled” either because of the different sensitivities to the various
kinds of candidates, interactions and particle mass, or simply taking into account the large
uncertainties in the astrophysical (realistic and consistent halo models, presence of non-
thermalized components, particle velocity distribution, particle density in the halo, ...),
nuclear (scaling laws, FFs, SF) and particle physics assumptions and in all the instrumental
quantities (quenching factors, energy resolution, efficiency, ...) and theor. parameters.

..and more
OBVIOUSLY NO

still room for compatibility either at low DM particle mass or simply accounting for the large
uncertainties in the astrophysical, nuclear and particle physics assumptions and in all the
expt. and theor. parameters; .. and more

Case 1Qf osonic candidate (full conversion into electromagnetic radiation)
whatever e.m. component

‘These candidates are lost by these expts. OBVIOUSLY NO

+ they usually quote in an uncorrect, partial and unupdated way the implications of the

DAMA/NaI model independent result; they release orders of magnitude lower exposures,
oter



"

Some of the real limitations in the sensitivities claimed (just for "nuclear recoil-like
events, purely SI interactions under a single arbitrary set of expt. and theor.
assumptions) by expts applying so far "multiple” procedures to “reduce” the e.m.
component of their - generally huge - counting rate, and insensitive to annual

modulation signature:

e.g.:

* Physical energy threshold unproved by suitable source calibrations

- Energy scale only “"extrapolated” from higher energy, etc.

- Stability of the running parameters unproved

- Stability of the "rejection” windows unproved

* Marginal exposure released generally after years underground

- Efficiencies in each of the many applied “procedures” not proved and illusory
overestimated

- Analyses of systematics in each of the many applied procedures not proved at the
needed level

- Etc. etc.

At the end of all their “"subtractions” if they find events which still remains, they call
them “unknown background” ....___, they recognize an intrinsic no potentiality of
discovery of their approach ..



The new DAMA/LIBRA set-up ~250 kg Nal(TI) *
(Large sodium Iodide Bulk for RAre processes) \

x L_[ISR.\
/ in DAMA]
B3

As a result of a second generation R&D for more radiopure NaI(

by exploiting new chemical/physical radiopurification techniques
(all operations involving crystals and PMTs - including photos - in HP Nitrogen atmosphere)

work

> super- and ultra-
T #pure HCI solutions
x dried and sealed i
L T P N,
storing new crystals

.mum‘,“' Il

improving installatiop
and environment




eIty ing Cd foill installing DAMA/LIBRA
electronics

]

Particular thanks to the Fire Department staff, inside LNGS, for having

never left us alone during all the works on the installation performed 1
HP N, atmosphere.

r-



An example: the Cu etching

The Cu etching was performed in a clean room following a
devoted protocol:

vessel I: pre-washing of the brick in iper-pure water

vessel II: washing in 1.51 of HCI 3M super-pure

vessel III: first rinse with iper-pure water (bath)

etching staff at work

vessel [V: second rinse with iper-pure water (current)

in clean room
vessel V: washing in 1.51 of HCI 0.5M ultra-pure

vessel VI: first rinse with iper-pure water (bath)

vessel VII: second rinse with iper-pure water (current)

vessel VIII: third rinse with iper-pure water (current)

bricks dried with selected clean towels and HP N, flux

bricks sealed in two envelopes (one inside the other)
flowed and filled with HP N,

Very clean materials (teflon and high purity OFHC copper, selected vessels
and gloves) were used. Special tools were also used to help managing the
bricks to minimize the contact with gloves.

The residual contaminants in HCI used in solution with iper-pure water are
certified by the producer; in particular standard contaminants are quoted:
10 ppb for ™K and 1 ppb or U/Th for super-pure HCI and 100 ppt of ™K

and 1 ppt for U/Th in case of ultra-pure HCI.
For each brick the bath was changed and after each step the solution of the bath was analysed with ICP-MS

technique.
Residual contaminants were checked in order to optimize the choice of the materials (in particular for
gloves) and the cleaning procedure. After cleaning, each brick was stored underground.




closing the Cu box %
housing the detectors |E===



* Data collected up to March 2007:
exposure: of order of 1.5 x 10° kg x d

calibrations: acquired ~ 40 M events of sources
acceptance window eff: acquired ~ 2 M ev/keV , - b
continuously running p S = N
Stability of the low energy | Stability of the high | .
calibration factors energy calibration
- £ factors

First release of results
not later than
end of 2008

[f .r_m’ﬂl{l{k:i. 1 .L.L‘dlmi s

tdcal - (tdcal > =
(tdcal ) %
3%
- Model independent analysis already concluded almost in all the aspects on "és & 2
an exposure of e % A
o 2
~ 0.40 ton x year [(a—B2) = 0.537] % ‘%6

+ in progress



Afms of possible DAM A /4 tomn
. 1 . (DL I W&LM ~wsmre.

> £ amaric WA s
- 2 > We proposed in 1996

Goals of 1 ton Nal detector:
* Extremely high C.L. for the model independer

* Model independent investigation on othe

* High exposure for the investigation ap” ., /0f different
astrophysical, nuclear and particle @6

* Further investigation on Dark Matter candic * Further investigation on astrophysical models:

v’ velocity and position distribution of DM particles in the
galactic halo

v high exposure can allow to disanta éngthe  / offacts due to:
different astrophysical, nuclear a e physics _ _ _ . :
models (nature of the candidate Angs, + i) satellite galaxies (?§ Saglttacl.us and Canis
inelastic interaction, particle ¢’ _Sion processes, Major Dwarves) tidal “streams™
..., form factors, spin-factors &A@ more on new ii) caustics in the halo;
scenarios) iii) gravitational focusing effect of the Sun

enhancing the DM flow (“spike® and “skirt”);

_ _ iv) possible structures as clumpiness with
v multi-componente DM particles halo? S&,S” scale size; >

v’ scaling laws and cross sections

+ second-order effects



Some scintillation detector experiments either
in preparation or at R&D stage

KIMS: PSD to discriminate

Experimental site: Yangyang und. lab. (depth 700m) 7’6 e (SCOIIS

Detector: 4 Csl(TI) scintillators of 8.7 kg |
mantained at 0°C
a2 | Po:
Exposure: 3409 kg x day |
(arXiv:0704.0423v2) SRS i
1+ I,"r;‘l , i
. o Mean Time (u sec)
EXtraCted NUCIGar ReCOIIS event FIG. 1: t_('nl_nl' online). MT (iistll‘i})nlim] of NR Il;‘\‘l;‘[llS (open
rates of the Csl(Tl) crystals ot B e e Sl R e
Fitted PDF functions are overlayed. x%/DOF =0.8 and 1.3
b with DOF=38 and 35 for NR and ER events respectively.
0.4 »
8ol e -l ' . ANAIS: Nal(TI) scintillator for studying
= Y il | 5 0 q o
e = annual modulation signature in
LS e S e S Canfranc laboratory
-l ' Home-made efforts to

oal- improve old detectors.
06— 5 6 7 & & 0 i Example of a prototype:
Electron Equivalent Energy (keV) . . i —
*Energy spectra after data handling and e it W

cuts: about 10 cpd/kg/keV at 3 keV.

*Level of background still high. Cesium

20 40 60 80 100

presence. energy (keV)



Some alternative techniques for

direct detection experiments
PICASSO 3 kg

fluorine loaded active superheated liquid C,F
dispersed in the form of 50-100 pm diameter droplets
in a polymerized or viscous medium

* 32 detectors, 3 kg of C,F,,

« 288 acoustic channels

* First detectors installed at SNOLAB
« Data taking ongoing

SIMPLE: afreon-loaded
superheated droplet detector (CF;l)

° p ’ % | the superheated
gl | droplet detectors

First results from a
prototype submitted
on april 2007




Conclusions

* The model independent signature, the

development of highly radiopure set- _ e e oy
. el . s PRI PSRRI TIIAEITES soepau

up, the wide sensitivity to candidate R L LT (e h Ll
particles and physical scenarios by yeafr el iR g1 ?E{.;dj,_ i?_
Nal(T1) offers a definite strategy to : b SR R TLE R e Vit 135
reliably investigate Dark Matter ,ﬁf"{i;\mh % __"—.; i1 3% e
particles in the galactic halo B ,{f / \Lj !, o ] &l

* A model independent evidence of {7{. SR . “"l Hf | f=
Dark matter particles in the galactic | [ [~ | | ! 2N
halo pointed out by DAMA/NaI at 6.3 / | \ —
o C.L.; soon new results from | T i
DAMA/LIBRA. Further R&D in & s ; =l
progress towards possible . Ny, e e == e
DAMA/1ton, proposed in 1996 AL o :E At é b, . g H

oI, NI

° Other solid experimental results by
different target materials would — at
least at some extent — contribute to
disentangle among different
astrophysical scenarios and the
nuclear and particle physics models

Felix qui potuit rerum cognoscere causas (Virgilio, Georgiche, Il, 489)



