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Dark Matter in the Universe
From larger scale...

precision cosmology definitively shows:
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many evidence for dark matter since beginning
of 1900 (luminous matter lessthan 1%)
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... to galaxy scale

NGC 6503

*Right halo model and parameters?

= 100} = —
* Multicomponent also in the particle e
component? f ;
* Non thermalized components? i 7

e Caustics and clumpiness?
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Rotational curve of a spiral galaxy




Relic CDM particl

L ight candidates:

tlve resultstrom dir ect searchestor relic axions with resonant cavity
Heavy candidates:

 In thermal equilibrium in the early stage of Universe

Non relativistic at decoupling time

<S ann'V> - 10_26/V\(Nh2 cmst ® Sordinary matter Sweak
Expected flux: F ~107- (GeV/m,,) cm2st (0.2<r,,<0.7 GeV cm3)

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

* neutral

« stable (or with half life ~ age of Univer se)

e _ e sneutrino in the Smith
» weakly interacti and Weiner scenario

(R-parity conserved ® LSP is stable)
neutralino or sneutrino

a heavy n of the 4-th family &

even a suitable particle no
et foreseen by theories

mirror dark matter

heavy exotic canditates, as
“4th family atoms”, ...




Indirect detection

Dark Matter particles may accumulate in Sun/Earth, in galacticdetector
halo

annihilate
high energy neutrinos, g's, anti-p and €’
Sear ch for an excessover a (not well known) background

antimatter signature

. n,signature
» Search for antimatter excess : _ _
in cosmic rays  Best signature from n_,producing up-ward going m
« Space detectors o Underground, underwater, underice detectors

gsignature

» Search for quas-monoener getic
gsin cosmicrays See also next talk

o Spacedetectors

Similar sear ches can offer results which depend on the background modeling and
on the astrophysical, particle and nuclear Physics assumptions



Direct detection:
Various approaches and techniques (many still at R&D stage)

Various different target nuclei
Various different experimental site depths

~ Ge, S

W
R
/j/ Scintillation:
@ < Na(T)),

N % B L Xe,CaF,(Eu),...
—— Bolometer:

TeO,, Ge, ...

ey 3
2.

(Other possibilities?
ionization/excitation not involving the nucleus?)
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in the exclusion plots
parisons (model dependent

To have a potentiality of
discovery a model independent
signatureis needed !

.

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

suming scaling laws): s,




A model independent signature is needed

Directionality Correlation of
nuclear recoil track with Earth’s
galactic motion due to the
distribution of Dark Matter
particles velocities very hard to
realize

2ction of gs emitte
ted nucleus after a nucle
inelastic scattering.

arge exposure and ver

depth crossed by the Dark
ticles

odulation Annual variation
nteraction rate due to Earth
around the Sun.

at present the only fea:s




Investigating 1 ence o rk Matter particles component ingthe
’ ’ endent annual modulation: signatuis

December o e v, ~ 232 km/s (Sun velocity in the halo)
. eese * V., = 30 km/s (Earth velocity around the Sun)
30 km/s e L e g=p/3
=arth? ew = 2p/T T = 1 year
* t, = 2" June (when v; is maximum)

Expected rate in given energy bin changes
because the annual motion of the Earth around
the Sun moving in the Galaxy

Requirements of the annual modulation
1) Modulated rate according cosine 5) For single hit in a multi-detector set-up

2) In a definite low energy range 6) With modulated amplitude in the region of maximal
sensitivity < 7% (larger e.g. for Dark matter particle
with preferred inelastic interaction, PRD64

4) With proper phase (about 2 June) (2001)043502, or if contributions from Sagittarius,
h/0309279

3) With a proper period (1 year)

astro




DAMA/Nal (~100 kg highly radiopure Nal(Tl) set-up) @ LNGS:

data taking completed on July 2002

Performances: n.cim. A112(1999)545-575, EPJ C18(2000)283,
Riv.N.Cim.26 n. 1(2003)1-73

Results on rare processes:

» Possible Pauli exclusion principle violation PLB408(1997)439
* Nuclear level excitation of 27| and22Na during CNC processes PRC60(1999)065501
» Electron stability and non-paulian transitions in lodine atoms (by L-shell) PLB460(1999)235
* Exotic Dark Matter search PRL83(1999)4918

» Search for solar axions by Primakoff effect in Nal(Tl) crystals PLB515(2001)6
* Exotic Matter search EPJdirect C14(2002)1

» Search for superdense nuclear matter EPJA23(2005)7
» Search for heavy clusters decays EPJA to appear

Results on Dark Matter particles:!

* PSD: PLB389(1996)757
* Investigation on diurnal effect N.Cim.A112(1999)1541

or call

Glow—‘:box 1

e Annual Modulation Signature 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, Riv. N. Cim. 26 n.1 (2003)1-73,
[JMPD (astro-ph/0501412) to appear

during instaltation

total exposure collected during 7 annual cycles released: 107731 kgxd
(Riv. N. Cim. 26 n. 1 (2003) 1-73, astro-ph/0307403)




The modéd independent result

<> experimental single-hit residuals rate vstime and energy

Acog w(t-t continuouslines: t,=152.5d, T =1.00
. 2-dkeV [l ConlucUS | y

2-5 keV

—~ 0.1
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fit: A= (o 0233+00047) cpd/kg/keV Tlme(day) fit: A =(0.0210 + 0.0038) cpd/kg/keV Tlme(day)
2.6 keV > 01 5.;_1_} Il M5l Ve [V > < Ve VI 5 Absence of modulation? No
Eoo.os ' %g /ﬂ ‘ c2dof=71/37 ® P(A=0)=710"*
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The data favor the presence of a modulated behavior with proper
features at 6.3s C.L.



Power spectrum of single-hit Single-hit residual rateasin asingle
residuals annual cycle

ding to Ap.J.263(1982)835; Ap.J.338(1989)277
(eocording o ApJZIORARH ApISRIRE) bAMAJ/Nal 7 annual cycles. 107731 kg - day
2-6 keV vs 6-14 keV

Initial time 7th August

=
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Treatment of the

Ty
10t ~
z | experimental errors and E g koY
g time binning included here % 0.05 - for ty=152.5d
E 8t i 0§ Pt jand T=1.00y:
=l Total exposure: < T " | A=(0.0195 + 0.0031)
= f . S 005 cpd/kg/keV
S 6 107731 kg - day £-o0s: 635 L. Pake
2-6 keV 2 o

L _0 1 E P T I N HNSN AN H I RO S S IE
. ’ 300 400 500 600
o / 6-14 keV Time (day)

Initial time 7th August

2+ = M; 6-14 keV
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Principal mode in the 2-6 keV region N
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Not present in the 6-14 keV A clear modulation is present in the |lowest
region (only aiasing peaks) energy region, whileit is absent just above




Summary of the results obtained in the investigations of
possible systematics or side reactions
(see Riv. N. Cim. 26 n. 1 (2003) 1-73 [astro-ph/0307403] and references therein for details)

Source

RADON
TEMPERATURE

NOISE
ENERGY SCALE

EFFICIENCIES
BACKGROUND

SIDE REACTIONS

Main comment Cautious upper
limit (90%C.L )

Sealed Cu box in HP Nitrogen atmosphere,etc

Installation is air conditioned+
detectorsin Cu housingsdirectly in contact
with multi-ton shield® huge heat capacity
+ T continuoudly recorded

Effective noise rgjection

Periodical calibrations + continuous monitoring
of 219Pb peak

Regularly measured by dedicated calibrations

No modulation observed above 6 keV + thislimit
includes possible effect of thermal and fast neutrons
+ no modulation observed in the multiple-hits events
in 2-6 keV region

Muon flux variation measured by MACRO

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

Thus, they can not mimic
the observed annual
modulation effect

<0.2% Smobs
<0.5% Smobs

<1% Smobs
<1% Smobs

<1% Smobs
<0.5% Smobs

obs




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 1400 |

In the DAMA/Nal-5,6,7 running periods
® cumulative gaussian behaviour with s » 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
® ~100s far away

frequency

1600 -

1200 [

[=2)
>
<>

400 |

200 |

i
=] >
> >
> >
T

0_”.

0.1

0

L1 |
0.1

(Ry - <Ry>)/<Ry >

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

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

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

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




Can a possible fast neutron modulation account for the observed effect?

> <«

Elastic scatterings: recoil nuclei capturerate=F s N;

M easur ed fast neutron flux @ LNGS:
F.,=0.9107ncm2s?! (Astropart.Phys.4 (1995),23)
|
By MC: differential counting rate above 2 keV ™~ 103 cpd/kg/keV

. !

Assuming - very cautiously - a 10% neutron modulation:
S, (fatm <104 cpd/kg/keV (< 0.5% S, cbserved)

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

NO

Moreover, a possible fast n modulation induces a variation in all the energy spectrum
Excluded by Ry, analysis

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




Multiple-hits events in the region of the signal

* In DAMA/Nal-6 and 7 each detector hasits 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: recoilsinduced 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) -10-4 cpd/kg/keV

fn

Residuals for single-hit events (DAMA/Nal 7 annual
cycles)

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

Residuals (epd/kg/keV)
=

= n i
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=
=
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i |

Thisresult offersan additional strong support for the
presence of Dark Matter particlesin the galactic halo
further excluding any side effect either from hardware

[T ) ' T [ I T
300 400 500 600 or from softwar e procedures or from background
Time (day)
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Summary of the DAMA/Nal Model Independent result

for a D

ark Matter particle induced effect

processes able to account for the observed effect
e All the signature features satisfied by the data over 7 independent experiments of 1 year
each one

corollary quest for a candidate

Fw:

and its parameters;
coupllng SI, SD, mixed SI1&SD,

scallng Iaws on cross sections;
form factors and related parameters;
spin factors;

etc.

e Presence of modulation over 7 annual cycles at ~6.3s CL with the proper distinctive features

e« The deep investigation has shown absence of known sources of possible systematics and side

To investigate the nature and coupling with
ordinary matter of the Dark Matter
candidate particle, an effective energy and
time correlation analysis of the events has
to be performed within model frameworks

They can affect not only the
corollary estimated regions
following a positive effect from
the annual modulation signature,

but also results given as exclusion

plots

experimental parameters

(typical of each experiment)
+ comparison within particle models




WIM P-nucleus elastic scattering

Sl +SD differential cross sections:

ds 0 ,&ds o 9on(@ ) Effective WIMP-nucleon couplings
( ’ R) edERﬂ ng é 3 <S, > hucleon spin in the nucleus
2(3 m F2(E) nuclear form factors
N i

[ng +(A- Z)gn]zF (Er )"'8 [ < >+an<sn ]2|:2 (ER)B m,,,, reduced WIMP-nucleon mass

Generallzed SI/SD WIM P-nucleon cross sections:;

o = Gimy,g s =§—362nfvpaz r L G- GG 224
S p " T paF - < 81 gp+gn A2
g: independent on the used target nucleus since Z/A nearly ' —— a,
constant for the nuclei typically used in WIMP direct searches ! a=ya,+a, 19 —
p
Differential energy distribution:
dR Moy Ve
GE NTEW . )dER(V Ex)VE(V)dv = N, 2 - >S(Ex)¥(Er) Ny number of target nuclei
R min

f(v): WIMP velocity distribution in the
Earth frame (it depends on
S(E)=} A's SRS (B +5 5 o(S) cosa +(S)sina ] K5 (B} (t depene e
Ve:Vsun+VorbCOSWt

f(v 4 : ol . - T
|(ER)—Q ()dv e mNER minimal velocity providing ~ Vmax: Maximal WIMP velocity in the

min

min(ER)  \/ 2Myy Ex recoil energy Earth frame



Theineastic WIMP — nucleusinteraction: W+N® W™ + N

» WIMP candidate suggested by D. Smith and N. Weiner (PRD64(2001)043502)
» Two mass statesc, , c. with d mass splitting WIMP

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

increasingly severefor low my Ex. my, =100 GeV
1' m/2 3 d 0 3 — @ My i
5 VS Vi T4 70 41
: : _— : : 130 57
Differential energy distribution for Sl mteractlon'

2
& ST, s a 2a ez | S/ apwosuin
respecttot e elastic

gp . effectlve WIMP-nucleon couplings scattering case

dW~ differential solid angle in the WIMP-nucleus c.m. frame — —M“—“ i
0? = squared threee-momentum transfer - - .
Nucleusrecoil energy: i v e MR G thmsTH fo
Vee 1. Vi *
1- - 11- - xcosq 2
ZFT'[,\,,\,V2 2v2 v2 ds _ 2GEmy 2 =2
Er = m, 2 dER - pV2 [ng+(A' Z)gn] FSI (ER)

Differential energy distribution:

dR - N, My s ds (v, E. )V (v)dv A /m E é’i mNng
dE, My dER M Er g




Examples of different Form
Factor for 1271 available
in literature

e Take into account the
structure of target nuclei

e In SD form factor: no 5

decoupling between
nuclear and Dark Matter
particles degrees of
freedom; dependence on
nuclear potential.

Similar situation

for all the target

nuclel considered
in thefield

Spin Independent

Aeal(qrn) +(1- Ae a,(0r,)° from Helm
\2 15 = 1 AN ro 4.7 fm
Helm S AN =1.0A" fm
Nm -2f \‘l s'=0.8 fm
charge 0 -
spherical 2 N
SR -4 \/ L/ ‘
distribution 10 \/ ‘ \\ /’/,
I \ —— 67 | /
\ SN 10 “
\ NG P r{ o
\[“r o\ P =1 2Al/§ £
5 10 15 20 25 30 0 5 10 15 20 25 30 35
E, (keVee) Eg (keVee)

g (@0)°/5 Spin Depe”de”tfrom Ressell et al.
; 2 (0r,)° 0=2.435 rad, a /a =-0.85
\ “thin shell” 1y
“ distribution s N b=0.8A"%m
& L\ Bomn-A b=0.8A"%fm
\ Smith et al ., 10 ) L )

b=1.0A"°fm
Bonn-A b=1.0A"*fm
10-3”” 3 y Nl]megenHH
0 5 10 15 20 25 30

E; (keVee)



Spin Factorsfor some tar get-nuclei
calculated in simple different models

The Spin Factor

Spin Factors calculated on the basis of
Ressell et al. for some of the possible g
values considering some tar get nuclei
and two different nuclear potentials

Target-Nucleus | single particle | odd group Comment
298i 0.750 0.063 Neutron is
Ge 0.306 0.065 the unpaired
129%e 0.750 0.124 nucleon
131Xe 0.150 0.055

'H 0.750 0.750

19F 0.750 0.647
23Na, 0.350 0.041 Proton is
27A1 0.350 0.087 the unpaired
69Ga 0.417 0.021 nucleon
1Ga 0.417 0.089
™ As 0.417 0.000

1277 0.250 0.023

Spin factor = L2J(J+1)/a?
(a= &, or a,depending on the unpaired nucleon)

Target-Nucleus /| | =0 | 0=r/4 | 0=n/2 | 0=2.435

nuclear potential (pur(: Z0

coupling)
BNa 0.102 | 0.060 | 0.001 0.051
1271/Bonn A 0.134 | 0.103 | 0.008 0.049
1271 /Nijmegen II | 0.175 | 0.122 0.006 0.073
129%e/Bonn A 0.002 | 0.225 | 0.387 0.135
129%e /Nijmegen II | 0.001 | 0.145 | 0.270 0.103
131Xe/Bonn A 0.000 | 0.046 | 0.086 0.033
131Xe/Nijmegen II | 0.000 | 0.044 | 0.078 0.029
125Te/Bonn A 0.000 | 0.124 0.247 0.103
125Te /Nijmegen II | 0.000 | 0.156 | 0.313 0.132

Soin factor = L2J(J+1)/a2

L arge differencesin the measured countingt rate can be expected:
« when using target nuclei sensitiveto the SD component of the interaction (such as e.g. 22Na and 21) with the
respect to those lar gely insensitive to such a coupling (such as e.g. "2Ge, "2Sj, "2Ar, "aCgq, "N/, naQ);,

» when using different target nucle although all —in principle — sensitive to such a coupling, depending on the

unpaired nucleon (compar e e.g. odd spin isotopes of Xe, Te, Ge, Si, W with the °Na and /| cases).



Quenching factor

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

Ex. of different q determinations for Ge

04

&

- Astrop. Phys.3(1995)361
ol % r}'

o ' ; |

o1 —
3 . 5 6 1 B 910

fpetet?
l

-+
11%1 |
o

lonization efficiency f

R
—va g

40 30 60 70 80 90i00
Calculated recoil encrgy Fg (keV)

» differences are often present in different
experimental determinations of q for the
same nuclei in the same kind of detector

e.g. in doped scintillators q depends on
dopant and on the impurities/trace
contaminants; in LXe e.g.on trace
impurities, on initial UHV, on presence of
degassing/releasing materials in the Xe,
on thermodynamical conditions, on
possibly applied electric field, etc.

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

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 4+ 0.01) for Na [46]
(22-330) (0.09 £ 0.01) for I [46]
(20-80) (0.25 4+ 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 I [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(T0) (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 (seedso
NIMAS507(2003)643)




Consistent Halo Models

* |sothermal sphere P very ssmple but unphysical halo model; generally not consider ed

» Several approaches different from the isother mal sphere model: Vergados PR83(1998)3597,
PRD62(2000)023519; Belli et al. PRD61(2000)023512; PRD66(2002)043503; Ullio & KamionkowsKi
JHEPO03(2001)049; Green PRD63(2001) 043005, Vergados & Owen astroph/0203293, etc.

Models accounted in the following

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

* Needed quantities
® DM local density  ry= rpy (R,=8.5kpc)
® local velocity Vo= Vo (R, =8.5kpc)
® velocity distribution f (V)
* Allowed ranges of r , (GeV/cm?3) have been
evaluated for v,=170,220,270 km/s, for each

consider ed halo density profile and taking into
account the astrophysical constraints:

V, = (220+50)km>s™
140°M, £EM . £6X0°M,
0.8», £ v, (r =100kpc) £1.2%,

NOT EXHAUSTIVE AT ALL

Class A: spherical ppn, isotropic velocity dispersion

A0 | Isothermal Sphere

Al | Evans’ logarithmic [101] R. =75 kpe

A2 | Evans’ power-law [102] R.= 16 ka 8= D 7

A3 | Evans’ power-law [102] R.=2kpe, =

A4 | Jaffe [103] a=1,8=4v=2,a= 16( kpe
Ab | NFW [104] a=1,08=3v= l a =20 kpc
A6 | Moore et al. [105] a=15 =3 ~v=1.5 a=28 kpc
AT | Kravtsov et al. [106] a=208=3 = 4 a = 10 kpe

Class B: spherical ppy, non—isotropic Ve1001ty dlspersmn
(Osipkov—Merrit, Fp = 0.4)

B1 | Evans’ logarithmic R. =5 kpc

B2 | Evans’ power-law 16 LpL 8= D 7

B3 | Evans’ power-law 2 kpe, 3 =-0

B4 | Jaffe doy=32a= 1f;u kpe
B5 NFW 3, v =1, =20 kpe

3
:,’&: ~ = 1.0 a =28 kpc

=1.4, a = 10 kpc

16 Moore et al.
B7 | Kravtsov et al

Clazs C: Axisymmetric ppu

1 Evans’ logarithmic B.=10 ¢= lf“x}

(2 | Ewvans’ logarithmic R.=5kpe g=1/ V2

C3 | Evans’ power-law f. =16 ]»pi g = i) ‘J’ O=049
4 | Evans power-law B.‘;; =2kpe, g=1/ V2 :_"fa‘ = —iil
Class D: Triaxial ppa [LO7] (:q =08, p=029)

D1 | Earth on maj. axis. rad. anis. d=—178

D2 | Esarth on maj. axis, tang. anis. d=16

D3 | Earth on interm. axis, rad. anis. d=—1.78

D4 | Earth on interm. axis, tang. anis. 4 =16




Model dependent scenarios investigated by DAMA/Nal

L (other s under investigation? |
Main topics (for details see Riv. N. Cim. 26 n.1. (2003) 1-/3, astro-ph/0307403 =90 GeV

eSeveral halo models considered

eHelm FF for S1 coupling

*Ressel FF (Nijmengen 11 nuclear potential) for SD calculated for c
Some of the uncertainties included

» Assumed scaling laws: s¢, proportional to n?A?;

* S¢p proportional to n¥L 2 J(J+1)

10 10
Eogp (Pb)

For simplicity, the results are given in terms of allowed regions obtained as superposition of the
configurations corresponding to likelihood function values distant more than 4s from the null
hypothesis (absence of modulation) in each of the several (but still a limited number of the
possible) model frameworks considered here.

Allowed regions take into account the time and energy behaviours of the expt. data

For each model the likelihood function requires:

1. the agreement of the expectations for the modulated part of the signal with the measured
modulated behaviour for each detector and for each energy bin;

2.the agreement of the expectations for the unmodulated component of the signal with the
respect to the measured differential energy distribution and with the bound on recoils
obtained by pulse shape discrimination in the devoted DAMA/Nal -0 period. The latter one
acts - by the fact - as an experimental upper bound in the determination of the unmodulated
component of the signal and, thus, implies a lower bound on the constant (see elsewhere)
background contribution to the measured differential energy distribution.

Thus, the quoted C.L."s already account for compatibility with the measured
differential energy spectrum and with the measured upper bounds on recoils.



Few Examples of corollary questsfor the
candidate particle

(Riv. N.Cim. vol.26 n.1. (2003) 1-73 and ref. therein for more)

General case: DM particle with S1&SD
couplings (Na and 1 are fully sensitive to SD
interaction, on the contrary of e.g. Ge and Si)
Examples of dlices of the allowed volume in the space
(XS g, XS o, My, ) for some of the possible g (tgq = a/a, ,
with 0=g<p) and m,,

H=@ =i B 288

E..qu (pb)

DM particle with dominant S1 coupling

Region of interest for a neutralino Model dependent lower
in supersymmetric schemes where bound on neutralino mass
assumption on gaugino-mass " as derived from LEP data

unification at GUT is released and

. . in supersymmetric
for “generic” DM particle PEvsy

schemes based on GUT
assumptions (DPP2003)

‘t:.ﬂg] (pb)

If ez SD higher mass region
contribution @ allowed for low Vo,
this region every set of

goes davn parameters’ values

H ‘ hot exhaustive 10 and the halo models:
+ different Evans’ logarithmic C1
p 0 -6 and C2 co-rotating,
w” triaxial D2 and D4
non-rotating, Evans
Already most parts of the allowed power-law B3 in set
volumes/regions in these frameworks are 200 400 A
~N\unexplorable e.g. by Ge, Si, Xe, CaWO, targets m,, (GeV)
r DM4 particle with dominant SD coupling
0" — -y 10 #=x4 | yolume allowed in the
» B ) spaceﬁmw XSgp,0); here
10 L & 102l | If e.q. SI example of a dlice for
. wn ! contribution =0 | 0= p/4 (O q<p)
10 : this reglon

w ow' ww' w' wwt w' owwt o' ow

T G

Eogp (PD) "
DM particle with preterred
inelastic interaction: W + N ®
W=* + N (S,/S, enhanced):
examples of sllces of the allowed

volume in the space (xs,, m,,.d)
e.g. Ge'distavoured

1 o

o ey 1 | i Regions above 200
GeV allowed for low
> Vo, for every set of

m parameters’ values
' and for Evans’
4 i logarithmic C2 co-
oot e w ' rotating halo models

0 20600 H

s my, (GeV)




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

e Example obtained considering Evans’ logarithmic axisymmetric C2 halo
model with v, = 170 km/s, r , max at a given set of parameters
e The different regions refer to different SD contributions with g=0

-2
%: 10 2) 5= 0 pb: b) S = 0.02 pb: A small SD contribution b
= 10 31 0)s4;=004pb; d)sg,=0.05pb; drastically movesthe allowed region in
ba e) sgi = 0.06pb; f) sg,=0.08pb; the plane (m,, Xs ) towards lower Sl
up S Cross sections (xs ¢ < 10 pb)

Similar effect for whatever
considered model framework

» Thereisno meaning in bare comparison
between regions allowed in experiments
sensitive to SD coupling and exclusion plots
achieved by experimentsthat are not.

« The sameiswhen comparing regions _
allowed by experiments whose tar get-nuclei

0 50 100 150 200 have unpaired proton with exclusion plots
m,, (GeV) guoted by experiments using tar get-nuclel
W with unpaired neutron whereq» O or g » p.




Supersymmetric expectations in MSSM

A& Bottino, F. Donate, N. Fornengo, 2 Scopel {2003

eAssuming for the neutralino a 10°* Er T AR
dominant purely S1 coupling E \
when releasing the gaugino e
mass unification at GUT scale: ~ B
M,/M,1 0.5 (<): B s \ |
(where M, and M, U(1) and = g
SU(2) gaugino masses) 5. -
low mass configurations are i 0F
obtained = :
Ta-miE
1Q-U T I L G ol T T 9
5] 10 .5{} 100 200

scatter plot of theoretical configurations vs DAMA/Nal allowed region in the given model
frameworks for the total DAMA/Nal exposure (area inside the green line);
figure taken from PRD69(2004)037302

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



either other uncertainties or new models?

Two-nucleon currents from pion exchange in the nucleus:

FIG. 1: Two-nucleon diagrams that contribute to WIMP-nnelens scattering where the WIMP is generally dencted by A'. Graph
(a) is of O(1/¢%), graphs (b) and (¢) are of (1 /g) while the contact term of graph (d) is of @(1). The exchange diagrams are
not ineluded. The filled eireles represent the non-standard model vertices.

N N
—I'—|—I'— - = - - - —
¢ ke f T
,\r—h—_l—h—,\r - = - L —p — a .
N (a) . () (<) (d)

“In supersymmetric models, the one-nucl eon current generlcally produc

nucI < 2 A -ucI eon contribution
- contributions. If the ratio of the two-nucleon matrix element to the

atomiCT &S Tone nucI eusAD the next so will the degree of the cancel Iatlon Thus, when the
two-current contributi
other searches[14] ig
MSSM...”

concelvable fof aWIMP with SI interactions even within the framework of the

Prezeau, Kamionkowski, Vogel et a., PRL91(2003)231301
S AUNTAZ(1+e,) e,=0 “usually”

e, » *¥1  here in some nuclei?

Different scaling laws for a WIMP with Sl interactions even within
the framework of the MSSM?



.. other astrophysical scenarios?

Possible non-thermalized multicomponent galactic halo? In the galactic halo, fluxes of

Dark Matter particles with dispersion velocity relatively low are expected :

Possi bl e cantribution due to the :posg
tidal stream of Sagittarius rlngs

Dwarf satéllite galaxy of Milky
Way._ "‘p . Mk 1; ;r
_ N - partlcles
e

Fu-Sin Ling et al. astro-ph/0405231 |

K.Freese et al. astro-ph/0309279

Interesting scenarios for DAMA

Effecton |S,/S,| respect Effect on the phase of

to “usually” adopted halo annual modulation
models? signature?

astro-ph/0311010

T T
» Rétrogmde

Milky Way close to the Sun?
..... very likely.... Position of the Sun:

Can be guess that spiral galaxy like Milky Way have been formed (-8,0,0) kpc
capturing close satellite galaxy as Sgr, Canis Mgjor, ecc...




« Signature

Targets
Technique

Target mass

Used exposure

Expt. depth

Neutron shield

Energy threshold

Quenching factor

Measured evt rate
in low energy range

Claimed evts after
rejection procedures

Evts satisfying
the signature
in DAMA/Nal

Expected number
of evts from

DAMA/Nal effect

DAMA/Nal vs some others

DAMA/Nal

annual modulation
23Na 127|

widely known

» 100 kg

~(1.1° 105 kg * day

(RivNCim 26 n1(2003)1-73) (astro-ph/0405033)

1400 m

~1m of concrete + 10/40 cm 50 cm polyethylene

polyethylene/paraffin +
1.5 mm Cd

2 keVee
(5.5 - 7.5 p.e./keV)

measured

~1 cpd/kg/keV

modulation amplitude
integrated over the given
exposure some 102 evts

CDMS-11

none
natGe

Edelweiss-1

none
natGe

poorly experienced
(known just by Edelweiss)

poorly experienced
(known just by CDMS)

0.75 kg 0.32 kg

19.4 kg = day 30.5 kg ~ day
(NDMO03)

780 m 1700 m

30 cm paraffin

10 keVee 20 keVee

assumed 1 assumed 1 (see also

NIMA507(2003)643)
?? (claimed g> than CDMS-1 ~ 10* events total
where ~60 cpd/kg/keV,
10° events)

Oo1l 2 (claimed taken
in a noisy period!)
insensitive insensitive

from few down to zero
depending on the model
framework

(and on quenching factor)

from few down to zero
depending on the model
frameworks

(and on quenching factor)

Zeplin-1

naty e

lig/gas optical interface
(light collected from top)
» 3 kg

280 kg ~ day
(Moriond03)

1100 m

2 keVee (but: s/E=100%
and 1 p.e./keVeelll; 1DM02)

(2.5 p.e./keVee; Moriond03)

measured

~100 cpd/kg/keV (IDM02)

~20-50 cpd/kg/keV after

Cresst-11

none
cawo,

poorly experienced
(known just by themselves)

» 0.6 kg

20.5 kg x day
(astro-ph/0408006)

1400 m

none

12 keVee

assumed 1

(??) 6 cpd/kg/keV
above 35 keVee

16

filtering (?) and ?? after PSD

(Moriond03, 1DM02)

insensitive

depends on the model
framework, also zero

insensitive

from few down to zero
depending on the model
framework

(and on quenching factor)



lkg stage of EDELWEISS1: 3 * 320 g Ge.

Cu screens without Roman Pb lateral shield EXpOSUre about 104 times

1 data taking: Fall 2000, | detector mounted and used — 3kg.d smaller than DAM A/Nal

2r data taking : Spring 2002, | detector used out of 3 —8.6 ke d

3™ data taking : October 2002 - March 2003, 3 detect. - 19 kg.c
4™ data taking : April -Nov But: quenching factor assumed 1
2003, 3 detectors - 30 kg.d (the only measured value in

NIMA507(2003)643 IS compatible with
all: 0.87+0.10%(stat) + 10%(syst).
What about if less?

—  Archecological

lead

3% 320 g Ge detectors B e e
320 g detector Also for future claimed sensitivities:
which is the limit from systematics

of this approach? 5.

May 2002

GLALGe A GeAlLD
Oetober 2002

GOUAS, GSAL GSAS

1‘ EDELWEISS PRELIMINARY

FEW COMMENTS: - « Ny » episode 7

ery small exposurer leased with respect toseveral Ly s inred (1 imside
A 3 outside the neutron = L
* bckg regection technique and associated rone) all arriving within an é
uncertainties full under control (e.g. bulk response, interval ofa few days out 2
pre-rejection of so-called surface electrons, quenchin profldayntamladg timp.: 9
factors,..)? Arethe two sensitive volumes (for ED'E

ionization and bolometer signals) exactly identical?

*What about the needed continuous monitoring of o R <

r¢ ection windows stability, energy scale and What about spilling of ! TR |

threshold, overall detection efficiency, calibration..? these events with 10 iy {kewm =
times more expasure 2 wﬁ&g’\

'Set'uD activation during neutron calibration Qﬂ o rfﬂi:h:!ll:} ar frue nueclear reeeil enersy Thrﬂhulﬂj
*Starting from a high background level __—




= Light detector W
Cresst-|| = (Cawo,) absorber
crystal

=« Two Tungsten
Superconducting Phase
Transition
Thermometers (W-SPT)

» Light reflector

astro-ph/0408006

1.5—_

Exposure about 10* times
smaller than DAMA/Nal

1.0-:

0.5

FEW COMMENTS: 205kg d exposure | T

« Scintillation efficiencies at mK, light collection, absor ption,
efficiency for the coincidence of two signals....?

Light Yield

*Bckg regection technique and associated uncertainties, g.f.
etc.?

* Rgection window stability?

» Some other commentsasfor ionizatigfl / phonons detectors.

Light Yield

Also for future claimed sensitivities:
which is the limit from systematics
of this approach?

Energy in Phonon Channel [keV]



FAQ:
... DAMA/Nal “excluded” by CODMS-I11 (and others)?

6
OBVIOUSLY NO e,
They give a single model dependent result using "®Ge target %?-’%,f?qy&
DAMA/Nal gives a model independent result using 23Na and 271 targets %'7,0%
%
Q

Even assuming their expt. results as they give them ...

*In general? OBVIOUSLY NO

The different sensitivities to the various kinds of candidates, interactions and particle mass, the
accounting for realistic and consistent halo models and accounting for existing parameters
uncertainties, FFs and/or SF and existing uncertainties on related parameters, different scaling laws
than assumed (possible even for the neutralino candidate), their proper accounting for experimental
parameters and related uncertainties, the many possible scenarios, etc. fully “decouple” the results.

*At least in the purely SI coupling they only consider? OBVIOUSLY NO

they give a single result fixing all the astrophysical, nuclear and particle physics assumptions and all
the expt. and theor. parameters values....; moreover, they usually quote in an uncorrect, partial and
unupdated way the implications of the DAMA/Nal model independent result...; see above, etc.

(seedsoinRiv. N. Cim. 26 n. 1(2003)1-73, astro-ph/0307403 and |IMPD to appear (astro-ph/0501412) and various papersin literature)



Some positive
not in conf

Some measur ements performed by ind

and photonswhlch can be e
Positron Ratio

1] I BURRRR
HEAT data as analysed

in  PRD65(2002)057701

a

Charge rotio {e* fe*+e7)
EI

= CAPRICESE
T AMS
* CAPRICEQ4
4 HMEATS4485
O Clemi et al. 1996
" 7343
4 MASSES
=1 & Coldan at ol. 1987
Eod ﬁ!llﬂnr ?LQE-?
- ug
* Fonselaw 19&&
e

IIII|IIII|IIII"I_.|I

10 &0 L] 1og
* energy [GeV]

[
o]
e

Emergy (Gev)

EGRET data & Susy models

1.Hmrl'-\. n‘-blunh. ﬂﬂ'“’h.lm.lm

'-'-_=n_ — EGRET dats

gamma From ;n;aumhllamm

: : "'"_'_'_'_'_FF {omee examnple From DaddSusy b
i r background model
L% {Gialprop)

\ ~2 degrees
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[t ealaciic center
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Primordial heavy n's of 4th family
from Belotsky, Fargion, Khlopov et al. (hep-ph/0411093)

Scenario of multi-component DM consisting of a subdominant
heavy neutrino component and a sterile dominant component. ?I oc

0.01

r A AR ]
Xioc = <0 5 bk o W <<Wepy ae mo 3
ll\,y VA EEBLELEBAYA A\ | \Z 'R AAA'AY) LAY
rIoc \A%ZDNI .......""--.__----€r~:;jji_ e ——
i = ——
\ P
for WCDM = 0-3 N/’

0.0001 A L

action Xijye

T

local denffity fi

40 50 60 70 80 90

best-fit density parameters deduced Nontrino mass. GV
from results on indirect detection

1

Il B =
B E 0.1 - .
£ 2 P e B Including effect of possible
f o o / neutrino clumpiness
— _Dmh. Iguourable regl-:-n — + DRAMA fawvourable reglon
E || in the given frameworks E <1 in the given frameworks

D'DMH‘_—H__,_;__:‘—_-—':::—-——'-—'_'—" 0-001“_‘_'_-!{?_4"__,_;-_—::—1:_,.—_,_—._.—;7

L | |
50 60 70 a0 a0 50 B0 T0 8o a0
Nentrine mass, GeV Nentrino mass, Ged'

L arge allowable range of the 4™ family neutrino mass



Thenew LIBRA set-up ~250 kg Nal (Tl)
(Large sodium lodide Bulk for RAre processes)
In the DAMA experiment
As a result of a second generation R&D for more radiopure Nal(TI) by

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

PMT f at work

|\ "’%

\iﬁp \

e

Cu etching with
super- and ultra-
pure HCI solutions,
dried and sealed in ‘
HP N, ® L

storing new crystals

Improving installation #*]
and environment



(all operations involving crysials and PMTs -including/mo,tes—.ir'?H_P' _~'2_a’5m,o§phere)v\ <

y/

.‘ﬁd—. . detectors during installation; in

ha central and right up detectors
*he new shaped Cu shield

1g light guides (acting

)ptical windows) and
assemblinga DAMA/ LIB: (swas not yet applied

filling theinner Cu box with
further shield :

closing the Cu box *\ view at end of detectors
housing the detectors # installation in the Cu box




e of the other perspectives
direct detection experiments

Bolometers:

« double read-out Present difficulties and uncertainties (see above) may be fixed in near future?
Duty cycle?cost/benefits?Asymptotic limit in the discrimination from
systematics ? > wait for more...

* low-background with single read-out : wait for CUORE

arge Xenon set-ups-

e Very expensive

» Kr-free Xe mandatory

« high gas purification in large volumes difficult to achieve and
maintain at fixed level

« light and charge collection critically depend e.g. on thermodynamical
parameters and phases interfaces

e cryogenic system complexity

 safety problems

« less competitive duty cycle

e difficult noise rejection ® higher threshold

« each liquefaction re-builds the sensitive detector part
(reproducibility at the needed level for claimed reachable
sensitivities?)

* most of physical quantities depend on the specific features of the
set-up (light response, light attenuation lenght, quenching factor,
etc.; values strongly depend on the specific technical realization,
see literature)

e Asymptotic limit in the discrimination from systematics ?

e etc. etc. > New R&Ds ?




Summary
\.f.]u.wﬂ

v" Annual modulation signature very effective method successfully exploited

by DAMA/Nal over 7 annual cycles (~ 1.1 x 10° kg day) obtaining a 6.3 S
C.L. model independent evidence for the presence of a Dark Matter
particle component in the galactlc halo :

v’ The complexity of model dependent results (elther exclusion plots or
allowed regions) and of model dependeht comparlsons pointed out

4 DAMA/LIBRA (o 250 ‘ NaI(TI)) now runnlng smce march 2003

walt for an expasure Iarger than that of DAMA/Nal
e speyorl .

. rrerJ—ourooJe lJrnJ{*J’) ton set-up.(R. Bernabei, IDM96)

® .new Jrlc;u ro ILJJ/ r‘/OJOJF JJgneJ pecLIJ]ar]"LJeg and halo Teatures




