Roma2,Romal ,LNGS, IHEP/ Beijjng

+ by-products and small scale expts.: INR-Kiev and others
+ some studies on B decays(DST-MAE, inter-univ. agreem.):
IIT Kharagpur/ Ropar, India

DAMA/LXe /fo'” sampling meas.

DAMA/NaI

Frontier Objects in Astrophysics and Particle

. ~ R. Bernabei
Physics, Vulcano, May 18 - 24, 2014 University & INFN Roma Tor Vergata




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 can point out its presence

Drukier, Freese, Spergel PRD86, Freese et al. PRD88 ; i
Requirements of the annual modulation

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

3) With a proper period (1 year)

4) With proper phase (about 2 June)

5) Just for single hit events in a multi-detector
set-up (each detector has all the others in
anticoincidence)

6) With modulation amplitude in the region of

* Vgun ~ 232 km/s (Sun velocity in the halo) maximal sensitivity must be <7% for usually

* Voo = 30 km/s (Earth velocity around the Sun) adopted halo distributions, but it can be larger

‘y=n/3, w=2x/T , T=1year in case of some possible scenarios

* 1o = 2" June (when vg is maximum)

To mimic this signature, spurious effects and side
Ve(t) = v, T Vo, COSYCOS[0(1-1))] reactions must not only - obviously - be able to account
dR for the whole observed modulation amplitude, but also
S n®)]= f deER =Sy, S, cos[w(t—1,)] to satisfy contemporaneously all the requirements
AE, R

Expected rate in given energy bin changes The DM annual modulation signature has a

because the revolution motion of the Earth different origin and peculiarities (e.g. the phase)

around-ihe-Sun witichIs-moving-mtheGaiaxy than those effects correlated with seasons




+ The investigated experimental observable in DAMA/LIBRA is the modulated
component of the signal in NaI(Tl) target and not the constant part of it as in
other approaches and/or targets where many (largely uncertain) subtractions
are applied

The only bckg of interest are those able to mimic the signature (i.e.able to
account for the whole observed modulation amplitude and to simultaneoulsy
satisfy all its many peculiarities) = none able to simultaneously satisfy all the
many requirements of the signature has been found or suggested by anyone
from middle ‘80 (when Drukier, Freese et al. discussed this signature) to today
2014

No direct model independent comparison is possible in the field when different
target materials and/or approaches are used

Many candidates, interactions, halo models, etc. are possible, while a *heavy
cooking” of experimental and theoretical assumptions is generally adopted in a
single arbitrary scenario without accounting neither for existing uncertainties
nor for alternative possible scenarios and assuming a priori a particular
Inferaction type, etc.




The pioneer DAMA/Nal:
~100 kg highly radiopure Nal(Tl)

Performances: N.Cim.A112(1999)545-575, EPJC18(2000)283,
Riv.N.Cim.26 n. 1(2003)1-73, [JMPD13(2004)2127

Results on rare processes:

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

transitions in Iodine 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 artScer
M
« Search for heavy clusters decays EPJA24(2005)51

data taking completed on July
2002, last data release 2003.

Results on DM particles: SHiEpresucing eSS

PSD PLB389(1996)757
Investigation on diurnal effect N.Cim.A112(1999)1541
Exotic Dark Matter search PRL83(1999)4918

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, IJMPD13(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 6.30 C.L.

W
N

total exposure (7 annual cycles) 0.29 ton x yr




The DAMA/LIBRA set-up ~250 kg Nal(Tl)
(Large sodium lodide Bulk for RAre processes)
As a result of a second generation R&D for more radiopure NaI( 1)
by exploiting new chemical/physical radiopurification techniques TN
(all operations involving crystals and PMTs - including photos - in HP Nitrogen atmosphere) 8 L

//' 4
|
B

*\

-

1 Radlopur'lfy per'formances procedures, eftc.: NIMA592(2008)297 JINST 7 (2012) 03009

* Results on DM particles: Ann. Mod. Signature: EPJC56(2008)333, EPJC67(2010)39, EPJC73(2013)2648

. related results: PRD84(2011)055014, EPJC72(2012)2064, ITMPA28(2013)1330022,
EPJC74(2014)2827

* Results on rare processes: PEP violation in Na, I: EPJC62(2009)327, CNC in I: EPJC72(2012)1920

A IPP in ?’Am: EPJ A49(2013)64




DAMA/LIBRA calibrations 32 673 ey
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EPJC56(2008)333, EPJC67(2010)39, EPJC73(2013)2648

Period Exposure (kgxday)

DAMA/LIBRA-1 Sept. 9, 2003 - July 21, 2004
DAMA/LIBRA-2 July 21, 2004 - Oct. 28, 2005
DAMA/LIBRA-3 Oct. 28, 2005 - July 18, 2006
DAMA/LIBRA-4 July 19, 2006 - July 17, 2007
DAMA/LIBRA-5 July 17, 2007 - Aug. 29, 2008

DAMA /LIBRA-6 Nov. 12, 2008 - Sept. 1, 2009

DAMA /LIBRA-7 Sep. 1, 2000 - Sept. 8, 2010

DAMA /LIBRA phasel | Sept. 9, 2003 - Sept. 8, 2010
DAMA /Nal + DAMA /LIBRA phasel:

e calibrations: =~ 9.6 x 107 events from sources

e acceptance window eff:

95 M events (=3.5M events/keV)




Model Independent DM Annual Modulation Result

DAMA/Nal + DAMA/LIBRA-phase1 Total exposure: 487526 kgxday = 1.33 tonxyr
experimental residuals of the single-hit scintillation events rate vs time and energy

—>
1

EPJC73(2013)2648
Acos[o(t-ty)] ;
continuous lines: t,=1525d, T=1.00y

Jﬁ\
iy

Residuals (cpd/kg/keV)

2-4 keV
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- The data favor the presence of a modulated behavior with proper features at 9.2c C.L.

v2/dof = 87.1/86 9.0 o C.L.

Absence of modulation? No
¥2/dof=169/87 = P(A=0) = 3.7x10”

2-5 keV
A=(0.0135+0.0015) cpd/kg/keV

v2/dof =68.2/86 9.0 o C.L.

Absence of modulation? No
y?/dof=152/87 = P(A=0) = 2.2x10°

2-6 keV

A=(0.0110+0.0012) cpd/kg/keV
v2/dof = 70.4/86 9.2 o C.L.

Absence of modulation? No
y?/dof=154/87 = P(A=0) = 1.3x10°




experimental residuals of the single-hit scintillation events rate vs time and energy
DAMA/LIBRA-phase1 (1.04 tonxyr) ACORI(t-t,)] 3 EPJC73(2013)2648

2-4 keV

continuous lines: t, =1525d, T=1.00y
-4 keV
A=(0.0167+0.0022) cpd/kg/keV
v2/dof =52.3/49 7.6 o C.L.
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0.04 [ : ’ |

A=(0.0122+0.0016) cpd/kg/keV
v2/dof = 41.4/49 7.6 o C.L.
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e ' A=(0.0096+0.0013) cpd/kg/keV

v2ldof =29.3/49 7.4 o C.L.

Absence of modulation? No
¥2/dof=83.1/50 = P(A=0) = 2.2x10-3

Residuals (cpd/kg/keV)
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The data of DAMA/Nal + DAMA/LIBRA-phasel favor the presence
of a modulated behavior with proper features at 9.2o C.L.




DAMA/NaI & DAMA/LIBRA main upgrades and improvements

0.1
0.08
0.06
0.04
0.02

——— DANIA/Nal (0 29itonxyr) ——> | | <—— DAMA/LIBRA (1.04 tonxyry ——> |
i (target‘ mass = 87 3 kg') I ? ' (Iarget mass = 232 8 kg) i -

PHASE2

;;—Q—L_

—0.02
—0.04
—0.06
—0.08

-0.1

Residuals (cpd/kg/keV)
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On 2003 DAMA/LIBRA has begun
first operations (one TD channel for
each PMT; two for each detector)

July 2000 new DAQ and new electronic
chain installed (MULTIPLEXER removed,
now one TD channel for each detector):
(i) TD VXTI Tektronix; (ii) Digital Unix
DAQ system; (iii) GPIB-CAMAC.

July 2002 DAMA/NaI
taking completed

The second DAMA/LIBRA upgrade in Fall 2010: replacement of all the PMTs with higher Q.E. ones
(+ new preamplifiers in fall 2012 & other developments in progress)

DAMA/LIBRA-phase2 in data taking



Modulation

A(cpd/kg/keV) T=2n/w (yr) t, (day) C.L.
DAMA/Nal

(2-4) keV 0.0252 +0.0050 1.01 £0.02 125 +30 5.00

(2-5) keV 0.0215 +0.0039 1.01 £0.02 140 30 5.50

(2-6) keV 0.0200 +0.0032 1.00 +0.01 140 +22 6.3G
|~ DAMA/LIBRA-phasel

(2-4) keVv 0.0178 £0.0022 0.996 +0.02 134+7 8.1c

(2-5) keVv 0.0127 +0.0016 0.996 +0.02 137+ 8 7.90

(2-6) keV 0.0097 £0.0013 0.998 +0.02 144+ 8
DAMA/Nal+DAMA/LIBRA-phasel

(2-4) keV 0.0190 £0.0020 0.996 +0.0002 1346

(2-5) keV 0.0140 £0.0015 0.996 +0.0002 140+ 6

(2-6) keV 0.0112 +0.0012 0.998 £0.0002 144 +7

x? test (x2 = 9.5, 13.8 and 10.8 over 13 d.o.f. for
the three energy intervals, respectively; upper
tail probability 73%, 39%, 63%) and run test
(lower tail probabilities of 41%, 29% and 23% for
the three energy intervals, respectively) accept
at 90% C.L. the hypothesis that the modulation
amplitudes are normally fluctuating around their
best fit values.

Compatibility among the annual cycles

A (cpd/kg/keV)

€ D AMA/NaI = 100 kg

(0.29 tonxyr)

amplitudes (A), period (T) and phase (t;) measured

in DAMA/NaI and DAMA/LIBRA-phasel

Acos[m(t-t)]

DAMA/Nal (0.29 ton x yr) + DAMA/LIBRA-
phase1 (1.04 ton x yr)

total exposure:
487526 kgxday = 1.33 tonxyr

DAMA/LIBRA = 250 Kg =——
(1.04 tonxyr)

- % 2-4keV; y*/dof = 9.5/13
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Power spectrum of single-hit residuals

[
'n

5 25 DAMA/Nal (7 years) + DAMA/LIBRA-phasel (7 years)
o1 total exposure: 1.33 tonxyr
T 20
S0 2-6 keV . : :
0 / Principal mode in the 2-6 keV region:
R 2.737 x103d1! = 1 yr!
10k Not present in the 6-14 keV
[ region (only aliasing peaks)
6-14 keV
) ,_u"' L ,' The Lomb-Scargle periodogram, as reported in DAMA papers, always
i ) ,1',.}.-‘1 "'r.'-"' AN T according to Ap.J. 263 (1982) 835, Ap.]J. 338 (1989) 277 with the
05 M//’“{;‘;; : -‘h-’“‘dmﬂ"‘-’ ”\6{"({(\);7“‘*-"’%’308 treatment of the experimental errors and of the time binning:

Frequency (d'l)

Given a set of data values r;,, i =1, ...V at respective observation
times ¢, the Lomb-Scargle periodogram is:

In order to take into account the different time binning
and the residuals’ errors we have to rewrite the

2 2 previous formulae replacing:

1 [E[(iﬂi—;)cosa)(ti—r)] Jzi(ri—;)sinw(ti—r)]
20” Eicos2 o(t, -7) Eishf w(t,-7)

where: }:=%$rj o =L \ (i’.—l_”)2

L+AL

N sinwt, — — f sinwt dt

A N 1 208, 9,
Ei - Ei rll B 12:‘@ 1;+AA:,.
EfAr/% fATf - coswt, — —fcosa)t dt

L AL,

and, for each angular frequency w=2s /> 0 of interest, the time-offset T is:

,sin(Za)tl.)
tan(2w77)= E The Nyquist frequency is ~3 y1 (~0.008 d-1); meaningless higher
icos(2a)tl.)

frequencies, washed off by the integration over the time binning.

Clear annual modulation is evident in (2-6) keV, while it is absent just above 6 keV



Rate behaviour above 6 keV

e No Modulation above 6 keV

>

6-14 keV
A=(0.3%0.8) 103 cpd/kg/keV

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

(0.0016 + 0.0031) DAMA/LIBRA-1
-(0.0010 + 0.0034) DAMA/LIBRA-2
-(0.0001 = 0.0031) DAMA/LIBRA-3

Residuals (cpd/kg/keV)

-0.02

=

DAMA/LIBRA-phase1

-(0.0006 £+ 0.0029) DAMA/LIBRA-4
-(0.0021 + 0.0026) DAMA/LIBRA-5
(0.0029 £ 0.0025) DAMA/LIBRA-6
-(0.0023 + 0.0024) DAMA/LIBRA-7
— statistically consistent with zero

300 400

600
Time (day)

500

e No modulation in the whole energy spectrum:
studying integral rate at higher energy, Ry,

* Ry, percentage variations with respect to their mean values for single crystal in the

DAMA/LIBRA running periods

» Fitting the behaviour with time, adding
a term modulated with period and phase
as expected for DM particles:

consistent with zero

Period Mod. Ampl.

DAMA/LIBRA-phasel

w
S
S
(=]

frequency

DAMA/LIBRA-1
DAMA/LIBRA-2
DAMA/LIBRA-3
DAMA/LIBRA-4
DAMA/LIBRA-5
DAMA/LIBRA-6
DAMA/LIBRA-7

-(0.05+0.19) cpd/kg
-(0.12+0.19) cpd/kg
-(0.13+0.18) cpd/kg
(0.15+0.17) cpd/kg
(0.20+0.18) cpd/kg
-(0.20+0.16) cpd/kg
-(0.28+0.18) cpd/kg

0 01

Ry - <Ryp>)/<Ryy>

o =~ 1%, fully accounted by
statistical considerations

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

No modulation above 6 keV

This accounts for all sources of bckg and is consistent

with the studies on the various components




Multiple-hits events
in the region of the signal

e Each detector has its own TDs read-
out — pulse profiles of multiple-hits
events (multiplicity > 1) acquired
(exposure: 1.04 tonxyr).

e The same hardware and software
procedures as those followed for
single-hit events

signals by Dark Matter particles do not
belong to multiple-hits events, that is:

Dark Matter
particles events
“switched off” /g

multiple-hits
events =

Evidence of annual modulation with
proper features as required by the DM
annual modulation signature:

- present in the single-hit residuals

- absent in the multiple-hits residual

DAMA/LIBRA-phasel (7 annual cycles)

Resuduals (cpdigheV)

24 keV
A = -(0.0012 + 0.0006) cpdikgikeV

.
._._;_‘_400‘;—.—.‘:.:_’_-.

o

+

25 ke\
A = -(0.0008 +/0.0005) cpd/kg/keV

.

Resaduals (cpd g heV)

24 ke\

A = -{0.0005 £ 0.0004) cpd/kg/keV

Residuals (epdhgheV)




Energy distribution of the modulation amplitudes

Max-likelihood analysis of the single-hit scintillation events

R(@)=35,+S, cos[a)(t — 1, )] DAMA/Nal + DAMA/LIBRA-phasel
total 487526 kgxday ~1.33 t
hereT=27/w=1 yr and t,= 152.5 day oral SXPOSHIE ey omar

AE = 0.5 keV bins

sl + —= -6_-4?- +-6—_6_‘¢‘—¢—_A_ e ans
= =

'IIIIllllllllllllllllIIIIIIIIIIIIIIIIIII

2 4 6 8 10 12 14 16 18 20
Energy (keV)

A clear modulation is present in the (2-6) keV energy interval, while S,
values compatible with zero are present just above

The S, values in the (6-20) keV energy interval have random fluctuations

around zero with »2 equal to 35.8 for 28 degrees of freedom (upper tail
probability 15%)




Statistical distributions of the modulation amplitudes (S,,)

a) S,, for each detector, each annual cycle and each considered energy bin (here 0.25 keV)
b) <S,,> = mean values over the detectors and the annual cycles for each energy bin; o = erroron S,
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_ Each panel refers to each detector separately; 112
DAMA/LIBRA phasel (7 years) entries = 16 energy bins in 2-6 keV energy interval x 7
DAMA/LIBRA-phasel annual cycles (for crys 16, 2 annual

total exposure: 1.04 tonxyr

cycle, 32 entries)
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Individual S, values follow a normal distribution
since (S,-<S,,>)/oc is distributed as a Gaussian
with a unitary standard deviation (r.m.s.)

S,, statistically well distributed in all the
detectors, energy bins and annual

~\rlac




Is there a sinusoidal contribution in the signal? Phase = 152.5 day?

DAMA/Nal (7 years) + DAMA/LIBRA-phase1 (7 years)
total exposure: 487526 kgxday = 1.33 ton x yr

R(t)=S§,+S, cos[a)(t -1, )]+ Z sin[a)(t -1, )]= S, +Y coslwlt -1

For Dark Matter signals:

* 1Z,|<IS,ul =1V, *0=27T Slight differences from 2"d June are expected

in case of contributions from non thermalized
o't = e T=1
R0 d = DM components (as e.g. the SagDEG stream)

20 contours

20 contours
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-0.02

-0.03
-0.03 -0.02 -0.01 0 0.01 0.02 0.03

S, (cpd/kg/keV)

S,, (cpd/kg/keV) Z, (cpd/kg/keV) R Y,, (cpd/kg/keV) t* (day)

0.0106 + 0.0012 -0.0006 £ 0.0012 § 0.0107 £ 0.0012

10.04 0.03 0.02 001 0 0.01 002 0.03 0.04
149.5+7.0 Y, (cpd/kg/keV)

0.0001 £ 0.0007 0.0000 £ 0.0005 g 0.0001 £ 0.0008




The analysis at energies above 6 keV, the analysis of the multiple-hits events and the
statistical considerations about S,, already exclude any sizable 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% also in the last running period

DAMA/LIBRA-7

DAMA/LIBRA-1

DAMA/LIBRA-2

DAMA/LIBRA-3

DAMA/LIBRA-4

DAMA/LIBRA-5

DAMA/LIBRA-6

Temperature (°C)

-(0.0001 = 0.0061)

(0.0026 = 0.0086)

(0.001 = 0.015)

(0.0004 = 0.0047)

(0.0001 = 0.0036)

(0.0007 = 0.0059)

(0.0000 = 0.0054)

Flux N, (I/h)

(0.13 = 0.22)

(0.10 + 0.25)

-(0.07 + 0.18)

-(0.05 = 0.24)

-(0.01 +0.21)

-(0.01 + 0.15)

-(0.00 = 0.14)

Pressure (mbar)

(0.015 = 0.030)

-(0.013 = 0.025)

(0.022 = 0.027)

(0.0018 = 0.0074)

-(0.08 = 0.12) x10°2

(0.07 + 0.13) x102

-(0.26 + 0.55) x102

Radon (Bg/m?)

-(0.029 + 0.029)

-(0.030 = 0.027)

(0.015 = 0.029)

-(0.052 = 0.039)

(0.021 = 0.037)

-(0.028 = 0.036)

(0.012 = 0.047)

Hardware rate

above single ph.e.

(Hz)

-(0.20 + 0.18) x 102

(0.09 = 0.17) x 102

-(0.03 = 0.20) x 102

(0.15 + 0.15) x 102

(0.03 = 0.14) x 102

(0.08 = 0.11) x 102

(0.06 = 0.10) x 102

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)




Summarizing on
a hypothetical background modulation in DAMA/LIBRA-phase1

* No Modulation above 6 keV e No modulation in the whole

energy spectrum

6-14 keV

+ if a modulation present in the whole
energy spectrum at the level found in

the lowest energy region — R, ~ tens
cpd/kg — ~ 100 o far away

>
<
= 0
on
=
Ro.
\J
é
.=
g
=4

F A=(0.000320.00076) cpd/kg/keV

frequency

" 1 " Il " 1 " Il
300 400 500 600
Time (day)

e No modulation in the 2-6 keV multiple-hits residual rate

2-6 keV

-0.1 0 0.1

=z : (.R9o - <Rgp>)/ <R90>.
& %2 A=-(0.0005 1 0.0004) cpd/kg/keV . . . .

2 oot | ( JopdlkalieV o multiple-hits residual rate (filled

B ooire vy v sl ¥w L . 5+ |triangles) vs single-hit residual rate
g0y ° (open circles)

Al SN A T T L. L

600 650
Time (day)

No background modulation (and cannot mimic the signature):
all this accounts for the all possible sources of bckg

Nevertheless, additional investigations performed . See DAMA literature

250 300 350 400 450 500 550




No role for p in DAMA annual modulation result

v" Direct p interaction in DAMA/LIBRA set-up:
DAMA/LIBRA surface =0.13 m?2 )
u flux @ DAMA/LIBRA =2.5 n/day

MonteCarlo simulation:
* muon intensity distribution
e Gran Sasso rock overburden map
 Single hit events
& it cannot mimic the signature: already

excluded by R,, by multi-hits analysis _ Detector’s matrix
+ different phase, efc.

v Rate, R, of fast neutrons produced by u: 20 %0

Ener

R, = (fast n by u)/(fime unit) = &, Y M, e

« &, @LNGS =20 u m2d' (*1.5% modulated) g = geometrical factor;

. 3 _ 3 = detection eff. by elastic scattering
Measured neutron Yield @ LNGS: = enETEY window (E>2ke VISHic

f
Y=1+7 104 n/u/(g/cm?) finge = single hit effic.

Annual modulation amplitude at low Hyp.: M = 15 tons; g=e=f,¢=f, . .<0.5 (cautiously)

energy due to p modulation:
Sm(m) = Rn ge fDE i:single 2% /(Mse'rup AE)

S, (M < (0.3-2.4) x 10" cpd/kg/keV

Moreover, this modulation also induces It cannot mimic the signature: already
a variation in other parts of the energy excluded by Ry, by multi-hits analysis
spectrum and in the multi-hits events + different phase, etc.

Knowing that: M, = 250 kg and AE=4keV




Inconsistency of the phase between DAMA signal
and uw modulation

U flux @ LNGS (MACRO, LVD, BOREXINO) =3-104 m2s-!;
modulation amplitude 1.5%; phase July 7 £ 6 d, June
29 + 6 d (Borexino)

but

Borexino [14]
| + the muon phase differs from year to year (error no

purely statistical); LVD/BOREXINO value is a *mean”
o of the muon phase of each year

The DAMA: modulation amplitude 102 cpd/kg/keV,
in 2-6 keV energy range for single hit events; phase:
May 26 = 7 days (stable over 13 years)

considering the seasonal weather al LNGS,
quite impossible that the max. temperature of
the outer atmosphere (on which u flux
variation is dependent) is observed e.g. in

The DAMA phase is 5.70 far from the LVD/ June 15 which is 3 6 from DAMA
BOREXINO phases of muons (7.1 o far from

MACRO measured phase) Similar for the whole DAMA/LIBRA-phasel

v Can (whatever) hypothetical cosmogenic products be considered
as side effects, assuming that they might produce:

* only events at low energy, e if < T/2m: ¢

* only single-hit events, But its.oh hould b h
* no sizable effect in the multiple-hit counting rate |OlJréérSTF;O?\S§ ;)h%LsJe 4 e: i,

* pulses with fime structure as scintillation light

Also this cannot mimic the signature: different phase

... and for many others arguments and details EPJC72(2012)2064

=1, +T

side

- T
. |f ‘L’))T/Zf[.' Z‘side - t‘u + A




Summary of the results obtained in the additional investigations of
possible systematics or side reactions - DAMA/LIBRA-phasel

(NIMA592(2008)297, EPJC56(2008)333, J. Phys. Conf. ser. 203(2010)012040, S.I.LF.Atti Conf.103(211), Can. J. Phys. 89 (2011) 11,
Phys.Proc.37(2012)1095, EPJC72(2012)2064, arxiv:1210.6199 & 1211.6346, IJMPA28 1330022,...)

Source Mdain comment Cautious upper
limit (90%C.L.)

Thus, they cannot mimic
the observed annual
modulation effect




Final model independent result
DAMA/NaI+DAMA/LIBRA-phasel

Presence of modulation over 14 annual cycles at 9.30 C.L. with the proper distinctive features of the DM
signature; all the features satisfied by the data over 14 independent experiments of 1 year each one

The total exposure by former DAMA/NalI and present DAMA/LIBRA is 1.33 fon x yr (14 annual cycles)

In fact, as required by the DM annual modulation signature:

The single-hit events show a clear cosine-like 2)
modulation, as expected for the DM signal 0
Measured period is equal to (0.998+0.002) yr,

well compatible with the 1 yr period,
as expected for the DM signal

3)
Measured phase (144+7) days
is well compatible with the roughly about 152.5 days
or the DM signal

4)
The modulation is present only in the low
energy (2—6) keV energy interval and not

in other higher energy regions, consistently with
expectation for the DM signal

The modulation is present only in the single-hit
events, while it is absent in the multiple-hit ones
as expected for the DM signal 6)
The measured modulation amplitude in NaI(TI)
of the single-hit events in the (2-6) keV energy interval is:
(0.0112 + 0.0012) cpd/kg/keV (9.30 C.L.).

No systematic or side process able to simultaneously satisfy all the many peculiarities of
the signature and to account for the whole measured modulation amplitude is available




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

well compatible with several candidates and interactions
(in many possible astrophysical, nuclear and particle physics scenarios)

Neutralino as LSP in various SUSY theories

Ly 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,... (frogm low to high mass)

mixed light bosons with
WIMP with preferred inelastic scattering axion-like interactions

Light Rark Mcn“r

Self interacting Dark Matt
Dark Matter (including s

for WIMP) electron-inte g : :
heavy exotic cgrditates, as
“4th family-afoms”, ...
Elementary Black holes
such as the Daemons e
X ?‘ Kaluza Klein particles

Possible model dependent positive hints from indirect
searches (but interpretation, evidence itself, derived
mass and cross sections depend e.g. on bckg modeling, on
DM spatial velocity distribution in the galactic halo, etc.)
as well null results not in conflict with DAMA results;

Available results from direct searches
using different target materials and approaches
do not give any robust conflict
& compatibility with possible positive hints
In various scenarios




Just few examples of interpretation of the annual modulation
particles in some scenarios

in terms of candidate
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Not best fit
bout the same C.L.

EPJC56(2008)333,
IJMPA28(2013)1330022

Compatibility with several candidates; other ones are open




About model dependent exclusion plots

Selecting just one simplified model
framework, making lots of
assumptions, ﬁXing lar gce numbers of . marginal and “selected” exposures

and experimental aspects ...

parameters ... but... sThreshold, energy scale and energy
* which particle? resolution when calibration in other
. ::vohlf]‘; A ’fgyplings? which model for the energy region (& few phe/keV)?
Stability? Too few calibration

which form factors for each target material :
and related parameters? procedures and often not in the same

which nucleqr, model framework for each running conditions + no uncertainties
target material: = nted for
*Selections of detectors and of data accountea fo

which scaling laws? L handling of(many) “subtraction” No SelllSitiletylt(i):'DM
. procedures and stability in time of all | YIRS

hich hal le? : . signature
4 l.c s the cuts windows and related quantities, g ’ .
which halo parameters? ete.? Efficiencies? Different target materials

which velocity distribution?

Which spin factor for each case?

* fiducial volume vs disuniformity + generally implications of
which parameters for velocity distribution? of detector response in liquids? DAMA model-independent

. . - results presented in
which v,? eUsed values in the calculation incorr eIc)t /incomplete/non-

which v,,.? g S o = *Used approximations updated way
...etc. etc o d etc., etc.

Exclusion plots have no “universal validity” and cannot disproof a model
Q> independent result in any given general model framework (they depend not
Bl N , only on the general assumptions largely unknown at present stage of
road sign or labyrinth? & B knowledge, but on the details of their cooking) + generally overestimated +
methodological robustness (see R. Hudson, Found. Phys. 39 (2009) 174) + etc.

On the other hand, possible positive hints should be interpreted. Large space for compatibility.




DAMA vs possible positive hints 2010 - 2013

—— 1

Rt

o L
#Hi hi#

¥, | ¥ .
0 200 100 600 800 1000 1200
days since December 3, 2009

CoGeNT:
low-energy rise in the spectrum
(“irreducible” by the applied
background reduction procedures) +
annual modulation

A 19S WAy s

5V REY V.00

CDMS-Ge:

after many data selections and cuts, 2 Ge candidate
recoil-like survive in an exposure of 194.1 kg x day (0.8
estimated as expected from residual background)

TIZI
10/27/07

T3Z4
08/05/07

40 50 60 70 80 %0 100
Recoil Energy (keV)

ndi Canlan SMI T COME CAllabhamsin

CRESST: after many data selections and cuts, 67 candidate recoil-ke in the
O/Ca bands survive in an exposure of 730 kg x day (estimated as expected
residual backaround: 40-45 events, depending on minimization)

CDMS-Si:

after many data selections and cuts, 3 Si candidate recoil-like
survive in an exposure of 140.2 kg x day. estimated as expected
residual background 0.41

100

40 60
Recoil Energy (keV)

All those possible recoil-like excesses with respect to an estimated bckg surviving many cuts
as well as the CoGeNT hint are compatible with the DAMA 9.3 o C.L. annual modulation result
in various scenarios
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quenching Factors (red)

7.50 C.L.

\

CoGeNT
1.64c C.L.

q.f. at a fixed
assumed value

Compatibility also with CRESST and CDMS, if the
two CDMS-Ge recoil-like events, the three
CDMS-Si and the CRESST ones surviving the man
applied cuts in marginal exposures are assumed as
nuclear recoils induced by DM interactions
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\Nilo\a Co-rotating halo,
= < Non thermalized component
=] S \ a
$52 \ - Enlarge allowed region
= -
g g 10 towards larger mass
up
1042
1

102

G V\"‘ ~Lombining channeling and energy
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... examples in some given frameworks

(&
DM particle with preferred inelastic interaction sy

*In the Inelastic DM (1DM) scenario, DMp scatter into an excited
state, split from the ground state by an energy comparable to the
available kinetic energy of a Galactic DMp.

— DMp has two mass states ", %~ with O mass splitting

DAMA/Nal+DAMA/LIBRA
Slices from the 3-dimensional allowed volume _. Kinematical constraint for iDM
| 1

2
: ) ) ) —w z0svzy, =
iDM interaction on Iodine nuclei 2

- 50Gev Fund. Phys. 40(2010)900

iDM interaction on Tl nuclei of the Nal(Tl) dopant?
" 110Gev *For large splittings, the dominant scattering in Nal(TI) can
occur off of Thallium nuclei, with A~205, which are present

ﬁ as a dopant at the 10-3 level in Nal(TI) crystals.
300 GeV 1TeV arXiv:1007.2688

*Inelastic scattering DMp swith large splittings do not give rise to
sizeable contribution on Na, I, Ge, Xe, Ca, O, ...nuclei.

.. and much more considering experimental
and theoretical uncertainties




Model independent result on possible diurnal effect
in DAMA/LIBRA-phasel

2-4 keV

sidereal

2-4 keV

J[ﬂ h ]LI lHJ( | 1ll J -Experimental single-hit residuals
| W rate vs either sidereal and solar
time and vs energy.

Eur. Phys. J. C 74 (2014) 2827

pd,/kg/keV

m is 20 s 10 15 2
Solar Time (h) Sidereal Time (h)

2-5keV

002t + + 0021 + 2-5 kev
3 AU uuﬁﬂjﬂ 1 lﬁlﬁmﬁ% ﬂ b 6-14 keV
ga-om + T ‘{‘ ‘\‘ g 001 T T T ‘H H‘ + 0.03 0.03
0.02 ‘\» 002} . 0.02 Solar‘ 002k Sidel"eal
» i ] b Energy region where ' ”
Solar Time (h) " Sidereal Tme h) The annual mOdUIC('rlon = 0.01 + + = 0.01 +
o 2-6keV o 2-6 keV = L | L \ i \ +‘|’ HI
0.02 0.02f Observed % 0++ -IL THH}T}++++ +++TTI'} ég 0 {++T +++ -{- -1-++++ ++++
3
2 001 Z 001 - v 001 v .01
e N % o THIT  Energy region just o >
ol - above. = cr b B T
o3 T . " PR Solar Time (h) Sidereal Time (h)
| Energy | Solar Time | Sidereal Time |
2-4keV | x?/d.of. =352/24 > P =7% | x?/d.of =28.7/24 - P = 23% - L .
25 keV | x°/d.of = 35.5/24 > P = 6% | x°/d.of =24.0/24 — P = 46% , o diurnal variation with

2-6 keV

x?/d.of. =25.8/24 — P = 36%

x?/d.o.f. =21.2/24 - P = 63%

6-14 keV

x?/d.o.f. =255/24 — P = 38%

x?/d.of. =359/24 — P = 6%

significance of 95% C.L.

+ run test to verify the hypothesis that the positive and negative data points are randomly distributed: lower tail
probabilities (in the four energy regions): 43, 18, 7, 26% for solar case and 54, 84, 78, 16% for sidereal case
- presence of any significant diurnal variation and of time structures can be excluded
at the reached level of sensitivity



A diurnal effect with the sidereal time is expected
for DM because of Earth rotation

Velocity of the detector in the terrestrial laboratory:

Eur. Phys. J. C 74 (2014) 2827

ﬁlab (t) — 6LSR + 17@ + 6’!‘6’0 (t) + U’rot (t),

— |TLsr + | ~ 232 + 50 km/s,
NTren(t)] ~ 30 km/s
NFrop(t)] = 0.34 km /s

Vlab (t) = Vg + ras ’ ﬁrev (t) + @s ' Urot (t)

ULsr velocity of the Local Standard of Rest (LSR) due to the
rotation of the Galaxy

Uo Sun peculiar velocity with respect to LSR
Urev (t) velocity of the revolution of the Earth around the Sun

Urot(t) velocity of the rotation of the Earth around its axis at
the latitude and longitude of the laboratory.

Annual modulation term:

i}s : 1_)’rev (t) = VEartth COS(QJ(t — tO))

* Ve IS the orbital velocity of the Earth = 30 km/s
*B,, = 0.489

ety=t, + 73.25 days = June 2

quinox

—Diurnal modulation Term.:
Vs * Upot(t) = Vi By cos [wyor (t — tg)]

* V., is the rotational velocity of the Earth at the
given latitude (for LNGS = 0.3435 km/s)

*B, = 0.671

*t, = 14.02 h (at LNGS)

23251
245F

3 2324
240
235 2323

230 F
i 23221

25f

Vo + VA, €oso(t-ty) (km/s)
v, +V A coso  (t-t)) (km/s)

232.1F

20f
Lo by

0 50 100 150 200 250 300 350
Sidereal time (d)

Sidereal time (h)

Velocity of the Earth in the
galactic frame as a function of
the sidereal time, with starting
point March 21 (around spring
equinox). The contribution of
diurnal rotation has been dropped
off. The maximum of the velocity
(vertical line) is about 73 days
after the spring equinox.

Sum of the Sun velocity in the
galactic frame (v ) and of the
rotation velocity of a detector at
LNGS (v -v (t)) as a function of
the sider&al tiie. The maximum of
the velocity is about at 14 h
(vertical line).




The time dependence of the counting rate
Expected sianal countina rate in a aiven k-th enerav bin: Eur. Phys. J. C 74 (2014) 2827

oS
Sk [viap(t)] > Sk [vs]+ [(91)1 kb] [VEarth Bm cosw(t — tg) + V,.Bgcosw,q (t — tg)]
) . : _ [ 88,
The ratio R,, of the diurnal over annual *Annual modulation amplitude: Sm = |:8v1:b:|v8 VEarth Bm.
modulation amplitudes is a model 5. -
independent constant * Diurnal modulation amplitude Sy = [ Do, :b] V,.By
Va
S V.-B o - T
Ry, = 22 d_~0016  at LNGS latitude

v Sm N VEartth

* Observed annual modulation amplitude in DAMA/LIBRA-phasel in the (2-6) keV energy interval:
(0.0097 + 0.0013) cpd/kg/keV > thus, the expected value of the diurnal modulation amplitude is

15+ 10% cpd/ko/kels

* When fitting the single-hit residuals with a cosine function with amplitude A, as free parameter, period
fixed at 24 h and phase at 14 h: all the diurnal modulation amplitudes are compatible with zero.

R | Energy | A7 (cpd/kg/keV) | x?/d.of. | P |
z DAMA/LIBRA-phase 2 4keV | (20+£21)x102 | 27.8/23 | 22%
Ty iy 2-5keV | —(1.4£1.6) x 1073 | 23.2/23 | 45%
= I R LA 26 keV [ S(1.0+1.3) x 10->| 20.6/23 | 61%
) 6-14 (5.0E£75)x10~% | 35.4/23 | 5%
< -0.02F

¢ 2 4 énerg';f(ke"f) ote 1820 < A, < 1.2 x 10-3 cpd/kg/keV (90%CL)
A, values compatible with zero, having Present experimental sensitivity not yet suitable to explore
random fluctuations around zero with the expected diurnal modulation amplitude derived from the
x?/d.o.f = 19.5/18 DAMA/LIBRA-phasel observed annual modulation effect

adequate sensitivity = larger exposure with DAMA/LIBRA-phase2 which - having a lower software energy
_ threshold - also offers an additional alternative possibility to increase sensitivity to such an effect



DAMA/LIBRA - phase2 JINST 7(2012)03009
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DAMA/LIBRA-phase2

The sensitivity of the DM annual modulation signature depends - apart from the
counting rate - on the product

(c,><AE><I\/I><T><(oc[32

\ increased

d
increase with DAMA/LIBRA-phase2

in DAMA/LIBRA-phase?2
increased

in DAMA/LIBRA-phase?2

- Upgrade at fall 2010 & running time
also equivalent to have enlarged the exposed mass

&: DM annual modulation signature acts itself as a strong bckg reduction
strategy as already pointed out in the original paper by Freese et al.

&:  No systematic or side process able to simultaneously satisfy all the
many peculiarities of the signature and to account for the whole
measured modulation amplitude is available




The second orders effects to be investigated by DAMA/LIBRA-phase?

The importance of studying second order effects and the annual modulation phase

High exposure and lower energy threshold can allow . DAMA/Nal+LIBRA-phase
further investigation on: 200

- the nature of the DM candidates
v to disentangle among the different astrophysical, nuclear and
particle physics models (nature of the candidate, couplings, *
inelastic interaction, form factors, spin-factors ...) 100
v scaling laws and cross sections
v mulfi-component DM particles halo? P R NI RV R S S S

- possible diurnal effects on the sidereal time 2 ? ! E > keV 6 7 s
v expected in case of high cross section DM candidates (shadow of the Earth) nergy (keV)
v due to the Earth rotation velocity contribution (it holds for a wide range of DM candidates)
v due to the channeling in case of DM candidates inducing nuclear recoils.

- astrophysical models
v velocity and position distribution of DM particles in the galactic halo, possibly due to: Ol M-Phase-with-ag streams
- satellite galaxies (as Sagittarius and Canis Major Dwarves) tidal “streams”; : fo=152.5d (2 Jyne)
» caustics in the halo;
« gravitational focusing effect of the Sun enhancing the DM flow (“spike* and *“skirt”);
* possible structures as clumpiness with small scale size
« Effects of gravitational focusing of the Sun

(day)

IS0 {1 T

t

The effect of the streams on the phase
depends on the galactic halo model

mu
T

o
=}
T

The annual modulation phase depends on :
* Presence of streams (as SagDEG and Canis Major) in the Galaxy

Evans’log axisymmetric
non-rotating, v,=220km/s,
R.= 5kpc, p,max + 4% Sgr

Phase (day of maxi

e Presence of caustics L
« Effects of gravitational focusing of the Sun o |

NFW spherical isotropic
non-rotating, v,=220kn/s,
0omax + 4% Sgr

0( Ermin, Prin + 1 keVy,)

i 50 GeV —\
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onciusions

- Positive evidence for the presence of DM particles in the
galactic halo now supported at 9.3c C.L. (cumulative exposure p
1.33 ton x yr - 14 annual cycles DAMA/NaI and DAMA/
LIBRA-phasel)

+ The modulation parameters determined with increased
precision

- Full sensitivity to many kinds of DM candidates and
interactions types (both inducing recoils and/or e.m.
radiation), full sensitivity to low and high mass candidates.

* New phase2 in progress to investigate further features of DM|

signals and second order effects

- Continuing investigations of rare processes other than DM as
well as further developments

Thanks for attention




