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Some direct detection processes:

Scatterings on nuclei e Inelastic Dark Matter-W + N > W* + N
— detection of nuclear recoil energy — W has Two mass states y+ , y- with &
) Ionization: !
M Gesi mass splitting
/
/,;'/ | Bolometer: — Kinematical constraint for the inelastic
M T L e scattering of y- on a nucleus
N -:4/4\ Scintillation: 1 2 25
Nal(TD), — 2o vy, = |—
LXe,CaF,(Eu), ... 2 r U
Excitation of bound electrons in scatterings on nuclei
— detection of recoil nuclei + e.m. radiation
. e.g. signals
= Conversion of particle into e.m. radiation .. X-ray_* from these
. -\‘\J‘\/\/\/VV\/\/ i
— detection of y, X-rays, e- e selnlelleieties EIts
completely lost
In experiments
_ , ! . based on
Interaction only on atomic = Interaction of light DMp (LDM) e fion
electrons on e- or nucleus with ”
: o roduction of a lighter particle B Ll Eel]
— detection of e.m. radiation P the e.m.
DMp v — detection of electron/nucleus component of
recoil energy . v, k, their rate
vL
. even WIMPs e.g. sterile v 2 7 ™ &
... also other ideas ... e ... and more



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 Veun ~ 232 km/s (Sun velocity in the halo)

Freese et al. PRD88 Vorp = 30 km/s (Earth velocity around the Sun)
*y=n/3

: O, December "o =2n/T T=1year
mh i o To = 2nd June (when Ve is maximum)

/) Ve(t) = vy, T v, cosycos[m(t-t,)]

S [7(0)] = j —dE =S, , +S,,, cos[o(t—1,)]

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

Requirements of the annual modulation USSR e RARITA LT b

1) Modulated rate according cosine To mimic this signature,
spurious effects and side

reactions must not only -
3) With a proper period (1 year) obviously - be able to account
for the whole observed

modulation amplitude, but also
5) For single hit events in a multi-detector set-up to satisfy contemporaneously all

6) With modulation amplitude in the region of maximal the requirements
sensitivity must be <7% for usually adopted halo distributions,
but it can be larger in case of some possible scenarios

2) In a definite low energy range

4) With proper phase (about 2 June)




DAMA/Nal

DAMA/LIBRA

p> http://people.roma?2.infn.it/dama



DAMA/LXe: results on rare processes

Dark Matter Investigation NIMA482(2002)728
e Limits on recoils investigating the DMp-129Xe
elastic scattering by means of PSD PLB436(1998)379
e Limits on DMp-129Xe inelastic scattering PLB387(1996)222, NJP2(2000)15.1
e Neutron calibration 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:
= Electron decay into invisible channels Astrop.P.5(1996)217
= Nuclear level excitation of 129Xe during CNC processes PLB465(1999)315
= N, NN decay into invisible channels in 129Xe PLB493(2000)12
= Electron decay: e — vy PRD61(2000)117301
« 2B decay in 136Xe XenonO1
- 2B decay in 34Xe PLB527(2002)182
= Improved results on 2p in 134Xe,136Xe PLB546(2002)23
= CNC decay 136Xe — 136Cs Beyond the Desert (2003) 365
< N, NN, NNN decay into invisible channels in 136Xe EPJA27 sO1 (2006) 35

DAMA/PAD o2t-up: results on rarz processes  DAMA/Ge & LNGS Ge facility

in 136 in 142 A
B Earticle Dark Matter e 23 decay in **°Ce and in ***Ce 11 Nuov.Cim.A110(1997)189

search with CaF,(Eu) *2EC2v 40Ca decay Astrop. Phys. 7(1997)73
« 2B decay in 46Ca and in 4°Ca NPB563(1999)97 * RDs on highly radiopure Nal(Tl) set-up;
o == (1 999) 97, - 28+ decay in 106Cd Astrop.Phys.10 . | RDs on low background PMTs:
Astrop.Phys.7(1997)73 \ p.-Phys.10(1999)115 seve‘ra ' S on low backgroun S;
M _ =2pand p decay in “°Ca NPA705(2002)29 » qualification of many materials
prmee—— =l « 2EC2v in 13¢Ce, in 138Ce NIMA498(2003)352 * measurements with a Li;Eu(BO,),
and o decay in 42Ce crystal (NIMA572(2007)734)
= 28*0v, ECB*Ov decay in *3°Ba NIMA525(2004)535 « measurements with '°’Mo sample
e Cluster decay in LaCl;(Ce) NIMA555(2005)270 investigating B decay in the 4w low-
 CNC decay **°La — 13°Ce UJP51(2006)1037 bekg HP Ge facility of LNGS
e o decay of natural Eu NPA789(2007)15 (NPAE(2008)473)
= 3 decay of 13Cd PRC76(2007)064603 « search for "Li solar axions
= BB decay of 64Zn PLB658(2008)193 (NPAS06(2008)388)
= BB decay of 1%8Cd and *'“Cd EPJA36(2008)167
« 2¢0v in 136Ce; 2B in 136Ce, 138Ce NPA824(2009)101 +Many other meas. already scheduled for

e 2B in %4Zn, 0Zn, 180w, 186y NPA826(2009)256 near future



DAMA/Nal : %100 kg NaI(TI)

Performances: N.Cim.A112(1999)545-575, EPJC18(2000)283,
Riv.N.Cim.26 n. 1(2003)1-73, IJMPD13(2004)2127

Results 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 e h, M —Hl ai
+ Search for heavy clusters decays EPJA24(2005)51 T ai'é_fakiné completed ons;!
July 2002, last data release
Results on DM particles: 2003. Still producingiesults====
e PSD PLB389(1996)757
e Investigation on diurnal effect N.Cim.A112(1999)1541
e Exotic Dark Matter search PRL83(1999)4918

e Annual Modulation Signature

PLB424(1998)195, PLB450(1999)448, PRD61(1999)023512, PLB480(2000)23, EPJC18(2000)283,
PLB509(2001)197, EPJC23(2002)61, PRD66(2002)043503, Riv.N.Cim.26 n.1 (2003)1,
IJIMPD13(2004)2127, IJMPA21(2006)1445, EPJC47(2006)263, IJMPA22(2007)3155, EPJC53(2008)205,
PRD77(2008)023506, MPLA23(2008)2125.

model independent evidence of a particle DM component in the galactic halo at 6.3 C.L.

total exposure (7 annual cycles) 0.29ton x yr



1nstalllng DAMA/LIB

- further

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

As a result of a second generation R&D for more radiopure Na % &
by exploiting new chemical/physical radiopurification techniques \ -
(all operaﬂons involving crystals and PMTs - including photos - in HP Nitrogen atmosphere) [

letectors during installation; in the
ral and right up detectors the new
haped Cu shield surrounding light
les (acting also as optical windows)
and PMTs was not yet applied

by

ing the.inner Cu box with

T e T
=1
i AR 3

“‘3““, "“":‘J_——--J-'J |

; ﬂ—uh\‘— ' T ' ' \ -' 0!“‘.‘-”{: & <t ol o o o
- Radiopurity, performances, procedures, efc.: NIMA592(2008)297 o T
* Results on DM particles: Annual Modulation Signature: EPIC56(2008)333

- Results on rare processes: Possible processes violating the Pauli
exclusion principle in'Na and I: EPJC62(2009)327

closing the Cu box ._ " view at end of detectors’
housing the detectors | | installation in the Cu box



The DAMA/LIBRA set-up

For details, radiopurity, performances, procedures, etc.
NIMA592(2008)297

OFHCIo_w

B o

Polyethylene/ Installation

paraffin
+25 x 9.7 kg NaI(Tl) in a 5x5 - SE— o
. ove-box for | Low radioactive
matrix calibration lead :

* two Suprasil-B light guides directly

coupled to each bare crystal Cadmium

foils

*two PMTs working in coincidence a
the single ph. el. threshold

Polyethylene/
Paraffin

Concrete from
GS rock

)
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~ 1m concrete from GS rock
Dismounting/Installing protocol (with "Scuba” system)
+ All the materials selected for low radioactivity

* Multicomponent passive shield (>10 cm of Cu, 15 cm of Pb +
Cd foils, 10/40 cm Polyethylene/paraffin, about 1 m concrete,
mostly outside the installation)

* Three-level system to exclude Radon from the detectors
+ Calibrations in the same running conditions as production runs
N+ Installation in air conditioning + huge heat capacity of shield

* Monitoring/alarm system: many parameters acquired with the
production data

* Pulse shape recorded by Waweform Analyzer TVS5641A (2chs
per detector), 1 Gsample/s, 8 bit, bandwidth 250 MHz

* Data collected from low energy up to MeV region, despite the
hardware optimization was done for the low energy




T(ns)

epd/kgkeV
e =

Counts/50 keV

Some on residual contaminants in new NaI(Tl) detectors
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| a/e pulse shape discrimination has practically Second generation R&D for new
DAMA/LIBRA crystals: new selected

100% effectiveness in the MeV range
powders, physical/chemical radiopurification,
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_ The measured o yield in the new : :
> DAMA/LIBRA defectors ranges new selection of overall materials, new

live time = 570 h
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= =

protocol for growing and handling

from 7 to some tens a/kg/day

232Th residual contamination From time-amplitude method. If 232Th chain at
equilibrium: it ranges from 0.5 ppt to 7.5 ppt

238 pesidual contamination First estimate: considering the measured o and 232Th
activity, if 238U chain at equilibrium = 238U contents in

new detectors typically range from 0.7 to 10 ppt

238U chain splitted into 5 subchains: 238U — 234U — 230Th — 226Rq — 210Pb — 206Ph

Thus, in this case: (2.1£0.1) ppt of 232Th; (0.35 +0.06) ppt for 238U
and: (15.8+1.6) uBq/kg for 234U + 230Th; (21.7+1.1) uBq/kg for 226Ra; (24.2+1.6) uBq/kg for 21°Pb.

10
natK residual contamination z
The analysis has given for the nafK _ 7. double coincidences
content in the crystals values not g o
exceeding about 20 ppb =
N
2 ; :
T 800 1000 1200 1400 1600 1800
129I and ZIOPb E(llin(i(ll‘l‘l&'(‘('I'_\\l'-ll(kc\!)
1297 /natT %1.7x10°13 for all the new detectors
. 210Pb in the new detectors: (5 - 30) uBq/kg. ... more on
g No sizeable surface pollution by Radon NIMA592(2008)297

R I daugthers, thanks to the new handling protocols




Model-independent annual modulation result
DAMA/Nal (7 years) + DAMA/LIBRA (4 years). Total exposure: 0.82 tonxyr

EPJC 56(2008)333

Experimental single-hit residuals rate vs time and energy in 2-6 keV over 11 annual cycles

o 9 — DAMA/NaI (0;29 tonxyr) i <DAMA/LIBRA (0.53 tonxyr)>
> 2
% 3‘82 - | target mass=873 kg) 1 g (thrget m:ilss-23248 kg) |
ISR PRI PR N
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Acos|[o(t-ty)] Time (day)

continuous lines: t,=152.5d, T=1.00y
A=(0.0129+0.0016) cpd/kg/keV

y?/dof = 54.3/66 8.2G C.L.
Absence of modulation? No
y?/dof=116.4/67 = P(A=0) = 1.8x10*
from the fit with all the parameters free:
A =(0.0131 £ 0.0016) cpd/kg/keV
t,= (144 £8)d
T =(0.998+0.003) y
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Multiple hits events =

ata favor the presence of a modulated behavior with proper
for DM particles in the galactic halo at 8.2c C.L.

Dark Matter particle “switched off”

This result offers an
additional strong
support for the
presence of DM

particles in the
galactic halo further
excluding any side
effect either from
hardware or from
software procedures
or from background




Can a hypothetical background modulation account for the
observed effect?
* No Modulation above 6 keV

6-14 keV

=
=
=

Mod. Ampl. (6-10 keV): cpd/kg/keV

A=(0.9411) 10° cpdikgkev (00016 + 0.0031) DAMA/LIBRA-1 1. [1€ same energy
Bt Paed ©. S ) - region where the

-(0.0010 + 0.0034) DAMA/LIBRA-2 effect is observed: no

-(0.0001 + 0.0031) DAMA/LIBRA-3 modulation of the

Residuals (cpd/kg/keV
e
= s

" DAMA/LIBRA -(0.0006 + 0.0029) DAMA/LIBRA-4  Multiple-hits events
044 — statistically consistent with zero
300 400 500 600 1800 -
Time (day) :
= No modulation in the whole spectrum: 1600 - ..
studying integral rate at higher energy, R90 ;" o~ 1%

* Ry, percentage variations with respectto — cumulative gaussian behaviour

their mean values for single crystal in the  with o ~ 1%, fully accounted by ~ _ "' [

DAMA/LIBRA-1,2,3,4 running periods statistical considerations £ 1000 |
Period Mod. Ampl. S o0 B
 Fitting the behaviour with time, = ; [
adc“ng a term modulated DAMA/LIBRA-1 [-(0.05£0.19) cpd/kg 600:— | ]
according period and phase gﬁﬁ%ﬁgx'g 'Eggfg'% Cpgﬁzg a00- [
: : -3 -(0.13£0.18) cpd/kg [ ||
expected for Dark Matter particles: DAMA/LIBRA4| (0.1540.17) cpd/ke 200} ilf |
consistent with zero b g
+ if a modulation present in the whole energy spectrum at the level found -“(111% -<R?u>)f<R90(*};:1

in the lowest energy region — Ry, ~ tens cpd/kg - ~ 100 o far away

No modulation in the background:
these results account for all sources of bckg (+ see later)




Model-independent annual modulation result

EPJC 56(2008)333

DAMA/Nal (7 years) + DAMA/LIBRA (4 years). Total exposure: 0.82 tonxyr
(the largest exposure ever collected in this field)

(S,,-<S,>)c

RO =575, colali R(t)=S, +S, cofelt—t, )|+ Z, sin[t —1, )] = S, +Y,, codelt —£")

here T=2z/w=1yr and t,= 152.5 day I 2o contoure 1:: 26 contours

> 0.05 . .

:._h 0.025 AE = 0.5 keV bins %"‘"'f - i ::: -

E_ 0 s N %. &l ® _ ‘:E.muS

-0.05 002 |
0 2 4 6 8 10 12 14 16 18 204 ,. —
Energy (keV) il R ™

o At gt oot Phase from the best fit: t*=(144.0+7.5) day

o VPN (expected ~152.5 day, slight differences from Jun 2 in case of contributions

W | s 3 ATy from non thermalized DM components, as e.g. the SagDEG stream)

o |l i A '”'-1 )

AN J_'[_L__ﬁ )\ Il eClear modulation in the (2-6) keV energy interval

w00 0 s g 2.8 values compatible with zero just above (32 /dof = 24.4/28 in (6-20) keV)
g N /U v ]L <No modulation above 6 keV
$w 1 | w s . w *Nomodulation in the multiple-hit events
“w [ - -/l -/l | *Nomodulation inthe whole spectrum at higher energy

b L WL oS statistically well distributed in all the detectors and annual cycles

‘:: ."'"l ol f ”; 2"5 !’"-I "' «Annual modulation is present in the outer and in the inner detectors

Tk "% w7l | From the analysis of the S,, distributions in all the detectors and in all

o V| [.i';;_ : |" | {:li the annual cycles, an upper limit of possible systematic effects can

|9 '-'*'.-,L-‘m-;,-}-.---*}-.-ll‘*-;{.j---"»l"---;f(-.----}."---u. be derived as: £4.7% or £0.7% (if quadratically or linearly combined,

respectively) of the DAMA/LIBRA modulation amplitude




The analysis at energies above 6 keV, the analysis of the multiple-hits events and
the statistical considerations about S, already exclude any sizeable presence of
systematical effects.

Additional investigations on the stability parameters

Modulation amplitudes obtained by fitting the time behaviours of main running
parameters, acquired with the production data, when including a DM-like modulation

Running conditions stable

_at a level better than 1%

DAMA/LIBRA-1

DAMA/LIBRA-2

DAMA/LIBRA-3

DAMA/LIBRA-4

Temperature -(0.0001 + 0.0061) °C | (0.0026 + 0.0086) °C (0.001 + 0.015) °C (0.0004 + 0.0047) °C
Flux N, (0.13+£0.22) I/h (0.10 £ 0.25) I/h -(0.07 £ 0.18) I/h -(0.05+0.24) I/h
Pressure (0.015 + 0.030) mbar -(0.013 + 0.025) mbar (0.022 + 0.027) mbar | (0.0018 + 0.0074) mbar
Radon -(0.029 + 0.029) Bg/m? | -(0.030 + 0.027) Bg/m3 | (0.015 + 0.029) Bg/m? | -(0.052 + 0.039) Bg/m3

Hardware rate above
single photoelectron

-(0.20 £ 0.18) x 102 Hz

(0.09 + 0.17) x 102 Hz

-(0.03 £ 0.20) x 102 Hz

(0.15 + 0.15) x 102 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)




Temperature

* Detectors in Cu housings directly in contact with multi-ton shield
—huge heat capacity (=106 cal/’C)

* Experimental installation continuosly air conditioned (2 independent
systems for redundancy)

e Operating T of the detectors continuously controlled

Amplitudes for

annual modulation in

the operating T
detectors well

of the

DAMA/LIBRA-1

DAMA/LIBRA-2

DAMA/LIBRA-3

DAMA/LIBRA-4

compatible with T (°C)

zero
50

40,

30

frequency

0— v 1 T

-(0.0001 + 0.0061)

(0.0026 = 0.0086)

(0.001 £ 0.015)

(0.0004 £ 0.0047)

-

0 0.2

0.4

r.m.s. of T (°C)

Distribution of the root mean square values of the
operating T within periods with the same calibration

factors (typically =7days):

Considering the slope of the light output = -0.2%/ °C:

mean value = 0.04°C

relative light output variation < 104 :

<104 cpd/kg/keV (< 0.5% S, observed)

[ [

[—] [ o]

[—} ]
T

~1
th t

frequency

o]

25,
i ||

D10 o
(T-<T>)/<T>
Distribution of the relative

variations of the operating
T of the detectors

An effect from temperature can be excluded

+ Any possible modulation due to temperature would
always fail some of the peculiarities of the signature




Summarizing on 1800

: : : o~ 1%
a hypothetical background modulation in DAMA/LIBRA 1-4  i60:
1400 |
- - - L |
* No Modulation above 6 keV  No modulation in the whole energy 1200 |
o spectrum o }
%0.04_ 6-14 keV § 1000 - ]|
S ool -
= A=(0.8+1.1) 10° cpd/kglkeV + if a modulation present in the £ % ||
g0 whole energy spectrum at the level 0} | |
2z found in the lowest energy region wol ||
S —— —— ; ||
g 5 —a——— — Ryg ~ tens cpd/kg — ~ 100 o far ot |
< away /o
-0.02F 0'.,..._,:,,|..;-.!u....|
-0.1 0 0.1
DAMA/LIBRA (R,, - <R,,>)/<R,>
-0.04 -
o * No modulation in the 2-6 keV multiple-hits residual rate
. ~ 0.05 ¢ -
Time (day) % 00a - multiple-hits residual rate (green points) vs
: ) o0. £ single-hit residual rate (red points) |
No background modulation (and % oot £ N R e il
cannot mimic the signature): g -001 B b !
o o -0.02 E
all this accounts for the all possible 2 o3 £ |
S 004 E _ oo
Sources Of bckg ~ -0.06 B 4.2E|;U-.. L ‘5{])0] L 1.:..1.3{1)0_| i l.:(ljbl. L .lq.é[_‘l'l. L1 1.5{30.1 T ..J.Sf]jol.. = |6(|.JO| L -..55{}

Time (day)

1. The muon case

Three examples for specific cases in the following: :
Nevertheless, additional investigations performed ... 2 The 49K case

3. The neutron case



a
F'he p case w2
=) 8- " b I‘H“k
“':-é 10 Sl hlllmi‘"""ﬂll 1
MonteCarlo simulation X, """-..mh
* muon intensity distribution PR H
* Gran Sasso rock overburden map S e
. . 0 F o
events where just one detector fires +° |
I(I-Il ..................

Energy (MeV)

Case of fast neutrons produced by p Annual modulation amplitude at low energy due to p modulation:

CDM @ LNGS ~ 20 Q m-2d- (t2°/o mOdUIC(Ted) Sm(“) i Rn ge fAE fsingle 2% /(Msetup AE)
; ARV -4 2
Measured neutron y"eld @. LNGS: ¥=1:7 10" n/u/(g/cm?) g = geometrical factor; & = detection effic. by elastic scattering
R, = (fast n by p)/(time unit) = @, Y Mg f\g = energy window (E>2keV) effic.;  f;,,. = single hit effic.
Hyp.: M= 15 tons; g=e=fp= £~ 0.5 (cautiously)
€ single — M) - 5
Knowing that: M, = 250 kg and AE=4keV S < (0.4+3) x 10° cpd/kgrkeV

Moreover, this modulation also induces a variation in other parts of the energy spectrum
It cannot mimic the signature: already excluded also by R,,+ different phase, etc.

Can (whatever) hypothetical cosmogenic products be considered as side effects, assuming that they might produce:
- only events at low energy,

« only single-hit events, ?

. . . . _ . . 9 ¢
no sizeable effect in the mu/tip/e-hit counting rate: Cif ceeT/2n by =L, +7

But, its phase should be (much) larger than u phase, &,: | . if sT/27: Lo =1, +%

The muon flux at LNGS (% 20 p m=2 d!) is yearly modulated
(£2%) with phase roughly around middle of July and largely # DAMA/I:C‘I . DSMA':LIB.RA >5th + 75 d

variable from year to year. Last meas. by LVD: 1.5% measured g stable phase: May, 25th + 7.5 days
modulation and phase=July 5th + 15 d.

This phase is 6.9 ¢ far from July 15th and is 5.5

NO far from July 5th




residual natK

40K 5=0.0117 %
T,,=1248x 10°yr (EC =10.86%; B =89.14 %)

1000-10” -N In2

= 1ppb ™K: a(*K)= = =31.7 uBg/k
pp (T K) e T uBq/kg
YK EC 1.248x10° yr
_ 4 0
Qpc = 1504.7 keV K L1461: (EC,=76.3%) EC,=20.9%; EC,,=2.74%
B.R.p=10.86% /
/ The 1461 keV y can escape from one detector (A4) and hit
/ another one causing a double coincidence. X-rays/Auger
UM ’ 0 . 0.20% electrons give rise in A to a 3.2 keV peak
40Al‘ 10
9

8 . .
The probability for “K EC from shell K to the 1461 keV level of “°Ar _ 7 double coincidences
is: Py pxsia61 = 10.66% % 76.3% = 8.1% in such a case a 1461 keV yé oF
is emitted together with the 3.2 keV X-rays/Auger electrons from (=

shell K of 4°Ar (this last is contained in the detector with efficiency ~1) 3 ' %
" T

The 3.2 keV peak offers also the proof of the physical T 1000 1200 145"0 Ciew 100
threshold of the detectors and an intrinsic calibration for Ccomcience rysa K€Y)
each one in the lowest energy region

The analysis has given for the "’ content in the crystals values not exceeding about 20 ppb



S, (cpd/kg/keV)

© N o O

No role can be played by 4°K in the experimental S, - 1

DAMA/NaI (7 years) + DAMA/LIBRA (4 years)

0.05 AE = 0.5 keV bins total exposure: 300555 kgxday = 0.82 fonxyr
0.025 |
N R(t)=S,+S, cos[a)(t — 0 )]
here T=2rn/w=1yr and t,= 152.5 day
0.025 .
;- The experimental S, cannot be
005 - > 40
due to 40K for many reasons.
0 2 4 6 8 10 12 14 16 18 20

Energy (keV) arXiv:0912.0660

Although the peak at 3 keV in the cumulative energy spectrum can be partially ascribed to 4°K decay,
there is not evidence for any 3 keV peak in the S, distribution (see above). At the present level of
sensitivity the S, behaviour is compatible within the uncertainties both with a monotonic behaviour and
with a "kind" of structure, as expected for many Dark Matter candidates and also for WIMPs
scenarios.

40K decay cannot give any modulation at all, as well known, unless evoking new exotic physics (see later)!?
No modulation has been observed in other energy regions where 4°K decay contributes.

No modulation has been observed in multiple-hit events (events where more than one detector fire) in
the same energy region where DAMA observes modulation of the single-hit events (events where just
one detector fires). In fact, 4°K can also give double events in two adjacent detectors and multi-site
events due to Compton scatterings (thus, multiple-hit events) and these events are not modulated.

No modulation of the double coincidence events, 1461 keV-3 keV (see also later).

The annual modulation signal is present both in the outer and in the inner detectors™

. , . o _» (no dependence on the veto
The annual modulation signal is equally distributed over all the detectors. capability, that is different

Stability of efficiency (see e.g. EPTC56(2008)333). - by geometrical reasons -
among the detectors)



Residuals/c

No role can be played by °K in the experimental S,, - 2
arXIV 0912.0660

AE = 0.5 keV bins The experimental S_ cannot be
due to “9K for many reasons.

No modulation of the double coincidence

S, (cpd/kg/keV)
S o
{30 ] =]
& W N
\ 4

0.025 1 events (1461 keV-3 keV).
-0.05 - i T
0 2 4 6 8 10 12 14 16 18 20 8 5
Energy (keV) 7 double coincidences
T 6
6 =
i 4
- DM-like modulation amplitude: — 3
4+ -(0.100.12); x¥/dof+" B S
F Sin-like modulation amplijd€: 800 1000 1200 1400 1600 1800
g . <(0.02+047%; y2/dof=1.08 Cesinciancs il <*Y)
f— 4 A P e ied The 9K double
0L r.m.s.=1.045+0.067 coincidence events
i 3 ik are not modulated
20 | i
: : - Any modulation contribution
: 10 iround 3 keV in the single-hit
-4 " Gaussian fluctuation around zero: ' _ vents from the hypothetical
: 2/dof=108 O s gases of: i) “0K "exotic”
Y N I Residuals/énodulated decay:; ii) spill-out
3500 4000 4500 effects from double to single
Time (d) events and viceversa, are ruled

DAMA/LIBRA 0.53 tonxyr out at more than 10 &



Correlations Between Nuclear Decay Rates and Earth-Sun Distance?

arX1v:0808.3283v 1

BE’SL ff a6 ' r 7o))ized BNL With Earth-Sun Distance
1.003 J._) - 1.04
{ 103
1.002 |
]. 4{“ i '.{ 1.02
- = ] o ugr"‘, -'.'. f fg !»I i l: 1.01 4
= L { [ | "W 1IN 1 3
= 1.000 Jlﬂ M ey i 4 1 | 100 £
: 11 R 0 [
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{ 097
Aeoredariative Lo Erver far Bhee Cats
0.997 L 0.96
B 8 8 2 2 2 3 8 2 8
g 8 E 8 8 b4 = g N B
Date
—— Normalized Un-decayed - BNL Uncertainty — USNO 1/R"2!

296 g Normalized PTB Data with Earth-Sun Distance
R e -
a Phvsikalisch-Technische Bundesand-stalt

1.003 1.06
H ]

1.002 | . 3 1.04
T,

1.001 | a ';5 102
= ! o £ ! ! L) ‘\ B
gmm \H -!l'\- Bl ' ' 100 8
v i‘ g o o = %
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0.008 if 0.96
0.997 0.94
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« SplAvg PTB —USND 1R"2

Attributed to effect of vacuum expectations
of dilatonic field in proximity of the Sun on
the electromagnetic fine structure constant g s

REMARK. Phase: 3 jan (perihelion) # 2 jun (Dark Matter)

Cassini spacecraft had explored in a much wide

range: 0.7 — 1.6 A.U. three Radioisotope

Thermoelectric Generators RTGs, each of which

is a very large (7.7Kg, 130KCu) 2**Pu
radioactive source (a 87.7y half life)

002040608 1 121416182

._ aerv 0809 4248\’1

2.6

2.4 K

2.2 |

2}

1.8 |

1.6 |

RIA.U.]

1.4 L

121
1 peg
08 | \

T K4

0-6:|||i|||i|||i|||i|||i|||i|||i||||||||||
0 02040608 1 12 1.4 1.6 1.8 2

Time since launch [y]

The analysis (arXiv:0809.4249) rules out the

hypothesis that nuclear decay rate are correlated with
the distance of the source from the Sun to a level 350x

smaller than the effect reported by 0808.3283

880

| 860
: 840
| 820
: 800
1 780

J 760

Cassini RTG power [w]



No role can be played by %°K in the experimental S, - 3

3 M AE = 0.5 keV bins The experimental S, cannot be
£00.025 —> | due to 49K for several reasons.
=1
2
20.025
“ 005 | Stability of efficiency.
0w e s 1 1 141 18 20
Energy (keV)
20 Cnao Distribution of variations of the efficiency
c=03% . . .
sok values with respect to their mean values during
| 28kev DAMA/LIBRA running periods
70 Time behaviour: modulation amplitudes obtained by fitting the time
behaviours of the efficiencies including a WIMP-like cosine
60 modulation for DAMA/LIBRA running periods
g 50LC ‘ Amplitudes (x10-3)
= H Energy | DAMA/LIBRA-1 | DAMA/LIBRA-2 | DAMA/LIBRA-3 | DAMA/LIBRA-4
3:’ 40 - \ 2-4 keV (0.3+0.6) (0.1+0.6) -(0.4+1.1) -(0.4+1.0)
46keV |  (0.0:0.6) -(0.740.6) -(0.3+1.0) -(0.741.0)
30¢ 6-8keV | -(0.3:0.6) -(1.0£0.7) -(0.2:0.8) -(1.0£0.8)
8-10keV |  -(0.5:0.5) -(0.5£0.5) -(0.2:0.6) (0.720.6)
20 [ |
ok Amplitudes well compatible with zero
; + cannot mimic the signature
"\H.J"“\I‘k”mw
0 0.0 0 0.05

(e-<e>)/<e>




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

*Thermal neutrons flux measured at LNGS :

®_=1.08 10 n cm2 s (N.Cim.A101(1989)959) L i
i 6, =0.10 barn
* Experimental upper limit on the thermal neutrons flux “surviving” the 1IN T,g=14 %1
neutron shield in DAMA/LIBRA: -
»studying triple coincidences able to give evidence for the possible N
presence of >*Na from neutron activation: e
® <1.2x107ncm?s! (90%C.L.)
= (1389 ke
* Two consistent upper limits on thermal neutron flux have been obtained with TC
DAMA/Nal considering the same capture reactions and using different approaches. I B
Evaluation of the expected effect: IO T R R
When @ = 10%n cm? sl
= <
» Capture rate = @, 6, N < 0.022 captures/day/kg 710 epd/kg/keV

1.4-10- cpd/kg/keV
HYPOTHESIS: assuming very cautiously a 10% —>co
thermal neutron modulation:

==t>§_(thermaln) < () 8 x 10 cpd/kg/keV (< 0.01% S, cbserved) o
—— e

500 [

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

in all the energy spectrum
Already excluded also by Rgj analysis = |

300 [




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 Im concrete moderator, which almost completely surrounds (mostly
outside the barrack) the passive shield

Measured fast neutron flux @ LNGS:
®_ =0.9107 n cm? s! (Astropart.Phys.4 (1995)23)

By MC: differential counting rate
above 2 keV = 1073 cpd/kg/keV

HYPOTHESIS: assuming - very
(fast n) -4 0 observed
cautiously - a 10% neutron modulation: :> S < M EEtghey (SUS708; )

» Experimental upper limit on the fast neutrons flux “surviving” the neutron shield in DAMA/LIBRA:
»through the study of the inelastic reaction 2*Na(n,n")>*Na*(2076 keV) which produces two y’s in
coincidence (1636 keV and 440 keV):

® <22 x10"ncm? s (90%C.L.)
»well compatible with the measured values at LNGS. This further excludes any presence of a fast
neutron flux in DAMA/LIBRA significantly larger than the measured ones.

Moreover, a possible fast n modulation would induce:

» avariation 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

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



Summary of the results obtained in the additional

investigations of possible systematics or side reactions
(DAMA/LIBRA - NIMA592(2008)297, EPJC56(2008)333)

Source Main comment Cautious upper
limit (90%C.L.)
RADON Sealed Cu box in HP Nitrogen atmosphere, <2.5x10-¢ cpd/kg/keV

3-level of sealing, etc.

TEMPERATURE Installation is air conditioned+
detectors in Cu housings directly in contact <104 cpd/kg/keV
with multi-ton shield— huge heat capacity
+ T continuously recorded

NOISE Effective full noise rejection near threshold <10 cpd/kg/keV
ENERGY SCALE  Routine + instrinsic calibrations <1-2 x104 cpd/kg/keV
EFFICIENCIES Regularly measured by dedicated calibrations <10 cpd/kg/keV

BACKGROUND No modulation above 6 keV;
no modulation in the (2-6) keV <10 cpd/kg/keV

multiple-hits events;
this limit includes all possible

sources of background
SIDE REACTIONS Muon flux variation measured by MACRO <3x10- cpd/kg/keV

<

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

Thus, they can not mimic
the observed annual
modulation effect




Model-independent evidence by DAMA/NaI and DAMA/LIBRA

* Presence of modulation for 11 annual cycles at » Absence of known sources of possible systematics and
~8.2¢ C.L. with the proper distinctive features of the  side processes able to quantitatively account for the
DM signature; all the features satisfied by the data observed modulation amplitude and to satisfy

over 11 independent experiments of 1 year each one contemporaneously all the peculiarities of the signature

well compatible with several candidates (in several of the many
astrophysical, nuclear and particle physics scenarios); other ones are open

Neutralino as LSB in SUSY theories

\arious kinds of WIMP candidates with :
several different kind of interactions a heavy v of the 4-th family
Pure SI, pure SD, mixed + Migdal effect Pseudoscalar scalar or
+channeling,... (frgm low to high mass) mixedlijghiiEosanal
WIMP with preferred inelastic scattering axion-lfke interactions

W‘Zm\aﬁer Light Qark Matter /

Dark Matter (including ce\qr'i{s ile neutrinod /§élf '"T/e/ad'"%lba'"k Matter
for WIMP) electron-interact % ) 7 e

Elementary Black holes
such as the Daemons

Kaluza Klein particles

... and more

Possible model dependent positive hints from indirect

searches not in conflict with DAMA results
(but interpretation, evidence itself, derived mass
and cross sections depend e.g. on bckg modeling, on

DM spatial velocity distribution in the galactic W

Available results from direct searches
using different target materials and approaches
do not give any robust conflict




Examples for few of the many possible scenarios superimposed
to the measured modulation amplitues S, ,

£0.05) | 15 GeV . ,
2 % N.F.W. WIMP DM candidate (as in [4])
£ W ST considering elastic scattering on

e e e e, nUC|€| | |
Energy V) ST dominant coupling

3005 60 GeV Vo= 170 km/s DMp
B
o4 ' : <
L o N.F.W. y
R - | /
w 0[ rod PYIRA ARA /
0 2 4 6 8 10 12 14 16 18 20 DMp_ /
Energy (keV) = = y
- .
%;0'05 | 100-120 GeV =/
< Evans power law  :Not best fit .
g | | *About the same C.L. .scaling from NaI
e 0 _ ' __ ,
7 0 10 | Curve Halo model Local density | Set as | DM particle £osg
label | (see ref. [4, 34]) | (GeV/em?) | in [4] mass (pb)
a A5 (NFW) 0.2 A 15 GeV 3.1 x 1071
. : . b A5 (NFW) 0.2 A 15 GeV 1.3 x 107"
Channeling contribution as\ =" A5 (NFW) 0.2 B 60 CeV | 5.5 % 10~°
in EPJCS3(2008)205 d B3 (Evans 0.17 B 100 GeV | 6.5 x 10~°
considered for curve b power law)
e B3 (Evans 0.17 A 120 GeV 1.3 x 1077
power law)

[4]1 RNC 26 (2003) 1; [34] PRD66 (2002) 043503




Examples for few of the many possible scenarios superimposed
to the measured modulation amplitues S, ,

=
20.05 15 GeV : :
E; NF.W WIMP DM candidate (as in [4])
5 . | Elastic scattering on nuclei
720 I ! I AR 1 1
0 2 4 6 8 10 12 14 16 18 20 SI & SD mlxed COUpllng
Energy (keV) VO - 170 km/s
=
g‘fo'os 60 GeV DMp
) "
= | & N.F.W. A
g r /
4 OE R ATIAAAMRRANARA IR /
0O 2 4 6 8 10 12 14 16 18 20 DMp_ /
Energy (keV) = = ‘/
= N2
2005, 100 GeV =/
)
3 Evans power law ‘Not best fit .
g *About the same C.L. .scaling from NaI
(n: v T O VT L ) )
10 12 | Curve Halo model Local density | Set as | DM particle Eog) Eosp
label | (see ref. [4, 34]) | (GeV/cm?) in [4] mass (pb) (pb)
7 A5 (NFW) 0.2 A 15 GeV 107 2.6
g A5 (NFW) 0.2 A 15 GeV | 1.4 x 10~ 1.4
h A5 (NFW) 0.2 B 60 GeV 10-7 1.4
_ i A5 (NFW) 0.2 B 60 GeV 8.7x107° | 8.7 x 1072
0=12.435 j B3 (Evans 0.17 A 100 GeV 107 1.7
power law)
k B3 (Evans 0.17 A 100 GeV 1.1 x 107° 0.11
power law)

[4]1 RNC 26 (2003) 1; [34] PRD66 (2002) 043503




Examples for few of the many possible scenarios superimposed
to the measured modulation amplitues S, ,

S Na I . :
2 25— o~ 2, LDM candidate ku Vi k.
2 N A7 (as in MPLA23(2008)2125): v,
= inelastic interaction
oE 8 10 12 14 16 18 20 with electron or nucleus Z.7 ™ L
Energy (keV)
- targets
%0. [T*;I\:r a P [TI ° ° [
= — Light bosonic candidate
% (as in JMPA21(2006)1445):
. . . ..a
G) axion-like particles totally |- Xray. -
= . \‘)f\/\/\/\/\/\/'\/
” s 10 12w d6 18 20 absorbed by target material e
nergy (keV) /
- ‘Not best fit
EO- m,_=0 About the same C.L.
) | (NFW) halo model as in [4, 34], local density = 0.17 GeV/cm?, local velocity = 170 1(111/5
% Curve | DM particle | Interaction | Set as my A Cross
& label in [4] section (pb)
' ! LDM oherent A 30 MeV [ 18 MeV | &ot?" = 1.8 x 107°
JE 0 2 4 6 8 10 12 14 16 : N ‘ il )
Ener m LDM coherent A 100 MeV | 55 MeV | e =2.8 x 107¢
on nuclei
n LDM incoherent A 30 MeV | 3MeV | &oinc =22 x 1072
on nuclei
curve r: also pseudoscalar 0 LDM incoherent A 100 MeV | 55 MeV | &oine = 4.6 x 1072
. lik . . on nuclei
axion-like candidates (e.g. majoron) p LDM coherent A | 28 MeV | 28 MeV | €oh = 1.6 x 10~6
ma=3.2 keV Oaee= 3.9 1011 on nuclei _ ‘
q LDM incoherent A 88 MeV | 88 MeV | &0l = 4.1 x 1072
on nuclei
> LDM on electrons 60 keV | 60 keV | &0t =0.3x 107"

[4]1 RNC 26 (2003) 1; [34] PRD66 (2002) 043503



Where DAMA/LIBRA is ...

DAMA/LIBRA over 4 annual cycles (0.53 tonxyr) confirms the results of DAMA/NaI (0.29 tonxyr)

*The cumulative confidence level for the model independent evidence for presence
of DM particle in the galactic halo is 8.2 ¢ (total exposure 0.82 ton x yr)

eremm o=l - DAMA/LIBRA in continuous data taking

8l - First upgrading of the experimental set-up
in Sept. 2008 —

* Opening of the shield of DAMA/LIBRA set-up
in HP N, atmosphere

*Replacement of some PMTs in HP N,
atmosphere

- Dismounting of the Tektronix TDs and mounting
of the new Acgiris TDs and of the new DAQ
system with optical read-out

- Since Oct. 2008 again in data taking

* Continuing the data taking
*Data of other 2 annual cycles at hand: one after
the upgrading (increased mass, new TDs, hew DAQ)

- Update corollary analyses in some possible
scenarios for DM candidates, interactions, halo
models, nuclear/atomic properties, etc..

* Analyses/data taking to investigate also other rare
processes in progress/foreseen




... and where DAMA/LIBRA is going to

* Continuing the data taking
- Update corollary analyses in some of the many possible scenarios for DM
candidates, interactions, halo models, nuclear/atomic properties, etfc..

- Next upgrading. replacement of all the PMTs
with higher Quantum Efficiency (Q.E.) PMTs.

‘New PMTs with higher Q.E.in production:
16 prototypes under tests

+Goals:

better separation under 2 keV in the rejection plane between noise and single-hit scintillation events

*lowering the energy threshold (presently, at 2 keV)

-improvement of the acceptance efficiency near energy threshold

-increase the sensitivity in the mode/ independent analysis (amplitude, phase, second order effects, ...)

-improvement of the sensitivity in the mode/ dependent analyses, allowing to better disentangle
several astrophysical, particle physics and nuclear physics scenarios

least some of the many possibilities, to investigate other features

- Long term data taking to improve the investigation, fo disentangle at
of DM particle component(s), second order effects, etc.. N

to deep investigate Dark Matter

- Analyses/data taking to investigate also Suemerely o calase el

other rare processes in progress/foreseen
Felix qui potuit rerum cognoscere causas (Virgilio, Georgiche, II, 489)

i

\ LIBRA
/& in DAMY
»
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