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Collaboration:

Roma Tor Vergata , Roma La Sapienza, LNGS, IHEP/Beijing

+ by-products and small scale expts.: INR-Kiev + other institutions

+ neutron meas.. ENEA- Frascati, ENEA-Casaccia

+ in some studies on !! decays (DST-MAE and Inter-Universities project):

lITKharagpur and Ropar, India _ -
web site: http://people.roma2.infn.it/dama
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The Dark Side @fthdhe dveese:
experimzntal evidences .. .. o

_I:lrcf avzinenre and canfirmatinneg-

Zwicky writes (1933): 'If this[overdensity is confirmedwe would arrive

at theastonishingconclusionthatdarkmatteris presenfin Coma] with a v ©i
muchgreaterdensitythanluminousmatter Fromtheseconsiderationgt
follows thatthe largevelocity dispersionn Coma (and imtherclusters of
galaxie$ representanunsolvedproblem"

1974 twogroups: systematical analysis afass _
_ densityvs distance from centan many galaxies
COMA Cluster Other experimental evidences
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visible Universe™ gravitational effect Y0 about 90% of the mass is DARK ‘
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The Dark Matter in the Universe

¥ A large part of the Universe is made of
Dark Matter and Dark Energy

¥ The so-called “baryonic” matter is only
I 49, of the total budget

¥ (Concordance) CDM model and
precision cosmology

¥ Non-baryonic Cold Dark Matter (! 27%)
is the dominant component (! 879%)
among the matter.

¥ The Dark Matter is fundamental for the
formation of the structures and
galaxies in the Universe

¥ CDM particles, possibly relics from Big
Bang, with no em and color charges "
beyond the SM
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o _ axion-like (light pseudoscalar
LS e TR il D STRER and scalar candidate)
In various scenarios)
the sneutrino in the Smith ﬁ A e L
and Weiner scenario /‘ S— | |
sterile v _— I

electron interacting dark matte

h avy exotic canditates, as
“Ath family atoms”, ...
a heavy v of the 4-th family ‘

f
J

even a suitable particle not
yet foreseen by theories invisible axions, v's
etc... multi-component non-baryonic DM?
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Some direct detection processes:

| Scatterings on nuclei

* detection of nuclear recoil energy
DMpO lonization:

_ Gesi mass splitting

7

Bolometer:

/
oMp| _, ;4// Te0, Ge, CawQ

N ?J/A\ Scintillation:

LXe,CaF,(Eu), E >

I Excitation of bound electrons in scatterings on nuclei

* detection of recoil nuclei + e.m. radiation

I Conversion of particle into e.m. radiationa

* detection of + X-rays, e T

.
.
‘e

*! Interaction only on atomic *! Interaction of light DMp (LDM) on

electrons ﬁ‘ ?]I:[ nuclel;.s Iwith production of a
: L ighter particle
* detection of e.m. radiation il
e 2 * detection of electron/nucleus
————— - recoil energy &, _v, k.
DMp "” e' )‘% VL
?.‘;é}.‘ e.g. sterile
... even WIMPs “=Za®" b >z

... also other ideas ...

1
Nal(TI), 5 WL TH VD

!l Inelastic Dark Matter: W+ N *> W* + N
* W has 2 mass states , +, , - with -

p * Kinematical constraint for the
inelastic scattering of , - on a nucleus

n

u“

e.g. signals
from these
candidates are
completely
lost in
experiments
based on
“rejection
procedures” of
the e.m.
component of
their rate
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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.

Requirements:

1) Modulated rate according cosine
2)In 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

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

Drukier, Freese, Spergel PRD86; Freese et al. PRD88
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the DM annual modulation signature has a different origin and peculiarities
(e.g. the phase) than those effects correlated with the seasons

To mimic this signature, spurious effects and side reactions must not only - obviously - be able to
account for the whole observed modulation amplitude, but also to satisfy contemporaneously

all the requirements




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, IJMPD13(2004)2127
« Possible Pauli exclusion principle violation PLB408(1997)439
* CNC processes PRC60(1999)065501
+ Electron stability and non-paulian transitions v
in lodine atoms (by L-shell) PLB460(1999)235
+ Search for solar axions PLB515(2001)6
« Exotic Matter search EPJdirect C14(2002)1
« Search for superdense nuclear matter EPJA23(2005)7
+ Search for heavy clusters decays EPJA24(2005)51
AT
- PSD PLB389(1996)757 [t .
« Investigation on diurnal effect N.Cim.A112(1999)1541 |t
« Exotic Dark Matter search PRL83(1999)4918 [
« Annual Modulation Signature PLB424(1998)195, PLB450(19299)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, [JMPD13(2004)2127,
IJMPA21(2006)1445, EPJC47(2006)263, | JMPA22(2007)3155,
EPJC53(2008)205, PRD77(2008)023506, MPLA23(2008)2125

Model independent e\udence of a partlcle DM




The DAMA/LIBRA set-up ~250 kg Nal(Tl)

RPN NN

Results an are (Large sodium lodide Bulk for RAre processes)

Performances:

Possible Pauli e PR AEARANEAs
» CNC processes
» Electron stabilit

in lodine atoms
» Search for solar
» Exotic Matter se
+ Search for supel
» Search for heavy

AR D

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

» Radiopurity, performances,
procedures, efc.: NIMA592(2008)297,
JINST 7 (2012) 03009

» Results on DM particles,

o Annual Modulation Signature:
EPJC56(2008)333, EPJC67(2010)39,
EPJC73(2013)2648.

o Related results:
PRD84(2011)055014,
EPJC72(2012)2064,

IJMPA28(2013) 1330022,
EPJC74(2014)2827,
EPJC74(2014)3196, EPJC75(2015)239,
EPJC75(2015)400, |JMPA31(2016)
dedicated issue, EPJC77(2017)83

» Results on rare processes:

o PEPy: EPJC62(2009)327,
arXiv1712.08082;

o CNC: EPJC72(2012)1920;

o IPP in 241 Am: EPJA49(2013)64

Results on DM g
« PSD
» Investigation ¢
« Exotic Dark M
« Annual Modul

Residual contaminations in the new
DAMA/LIBRA Nal(Tl) detectors: 232Th,
238 and “K at level of 102 g/g

DAMA/LIBRA—phasel (7 annual cycles, 1.04 tonxyr) confirmed the
model-independent evidence of DM: reaching 9.3c C.L.
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Q.E. of the new PMTs:
33-399% @ 420 nm
36 -449, @ peak
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Phasel: 7.5%(0.6% RMS)
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Detector number

Energy (keV)
K6)&/',%+0",+%" , $W&

226Ra 235 228Ra 228Th 0K
(Ba/kg) (mBg/kg) (Bg/kg) (mBqg/kg)  (Bg/kg)
Mean 0.43 47 0.12 83 0.54
Contamination
Standard 0.06 10 0.02 17 0.16
Deviation

K6)&;"J6%&#)$U", $)$WE

\aYalLcl[Za U6+$)1W &C2&BAXOTD)EL
\aYalLcl[Za'U6+$)8W & 1486CTD)EX

dISRK&B98=18:=A




B2'%60111;<=>?1@2"('A%(+C) %t

SlYa2<898==F:8<BNMNSRK&B98=18:=A&idY>aA198=1B:"$$

h! 82&?&<CERHKER",&+&272&O0+%#"?

h! %5'®4U#+3&;"J6%8&I4".)$&."#)/%:;0 2AlEI0 .
1 . 0 1 0 .
['4U;).&% &) +/6&(+#)&I#0$%+;& —— - [

h! %5'&,)5&6"J6&fC3CE&>YK$&-'#8)+/6 afpration —
5'#D" J&" &/1" "),/ &+%&%6)&S$",J;) |
):C&Y%6#)$6';.&

h! DCEE20;9'GH%%%E%9'G%(,4+1-& 0% oS
'$'&8/%+2&'(2,*.%

OFHC low
radioactive
copper

Polyethylene/
Paraffin

) LV
+ 22

Concrete from
GS rock

|

h! P6'",)&$)%4U&.)/'4U:).&-# 0&IH#'4, &

h! 1#+J0),%).8$)% 4UW&S", J:) 6"%&)*), %38 @ &)+/68.)%)/% H#&6+
'%B)HS&+S&+,%" " I".),)&

h\"$0'4,%" ILI,$%+;;" J&U# %'/ &" &iER.

h! &;;&%6)&0+%)#"+:$8&3$);)/%). &' H#&; 5&H+."+/%"*"%60&

h! Y4;%"%' 04;%"/'OU",),%&U+$$"*)&$6");.&9M1=8&/0O&-&H!i 7&7AN&12R/O&(&E&T .&";$N&1=LQ=&/0&
>"0)%60;),)LU+#+--" N&+('4%&1&O0&/" [#)%)N&O'$%;0&'4%$" ) &%6)&" $%+:;+%" :&&
h! K6#)):)*);&$0$%)08&%'&)?/:4.)&Z+." &-# 0&%6)8&.)%)/% 1k >4,$)&$6+U)&#)/#.). &(B&S5)-#O &, +;01)/# &/K'#'&

hl 7+ (H+9%" $&" &%66)&$+0)&#4, " J&/', " %" $&+$&UH &4, $& SB=498/6S&U)#&.)%)/Y%#NEE&("VON&(+,.5".%66
82=&Yil8(%6&-#8$",J) 6"%8+,.8.04:%"U:) 6 %8

hl S)*)#8&,)4%# ,&$'4#/)&" &\aYa&",$%+;;+%" ,$&
MM &HHES "™ " v, %+ &S'5)/%).&-#0&;'5&),)#I0&4ULY'&Y ) E&#) ™|
1S90+ +96",&" &+ "HEL "6, J&_8B4I)&B)+96&I+U-+"Y0& 830 VoS 0 0/,6) 86+ 5+4#) 8 U0 O"+96™ &-#8.58) A
htY',"9%%" JL++#O&S0$%6) Oj&O+,0&U+#+0)%0)#$&+1KA"H). &5\ Y48u101.6.80fy" 41 80)+ " AV &&
%6)&U# . 4/%" & +%+& - &)+,
h! S)5&);)/%#',"/&0'".4;)$&




efficiency

0.8

=
&

[—2
:
~

2
a

et LT LSS 1

PR S S T T

{’
oA

7 aphasel
A

- Software energy
- threshold =1 keV

PENTH SPETSTES SR

PETUTEN I
0 2 4 6 8
Energy (keV)

P URIPEPR UPPIRG TP EPRPery) PP
10 12 14 16 18 20

frequency

- 2 £z 8 % %

Residual noise
events:

(15+62) (<120)
-(18+41) (<51)

\loISe rejection i phase2
: ¥ Comparison of the noise and the scintillation
pulses distributions in 1-3 keV and 3-6 keV

JINST 7(2012)03009

2

¥ production data vs +source

¥ scintillation events well separated from noise

X;=Area(from 100 to 600 ns)/Area from O to 600 ns)
X,=Area(from 0 to 50 ns)/Area from 0 to 600 ns)

1-3 keV

3-6 keV

o hasts i e J L =t .
02 04 06 08 1 00 02 04 06 08 1
ES ES

Noise:
ES<0.60

" Ipossible noise contaminati

02 04 06 08 1 0




DAMA/LIBRA-phase?2 data taking

Second upgrade at end of 2010: JINST 7(2012)03009

all PMTs replaced with new ones of higher Q.E.

Energy resolution @ 60 keV mean value:
prev. PMTs 7.5% (0.6% RMS)
new HQE PMTs 6.7% (0.5% RMS)

Dec 23, 2010 D commissioning
| | Fall 2012: new Sept. 9, 2011
preamplifiers installed 1 Nov. 2, 2011 242.5 62917 0.519
+ special trigger Sept. 11, 2012
modules. 1 Oct. 8, 2012 B 242.5 60586 0.534
Sept. 2, 2013
I 1 Calibrations 6 a.c.: # \Y Sept. 8, 2013 B 242.5 73792 0.479
1.3 x 108 events from Sept. 1, 2014
SOUrces V Sept. 1, 2014 B 242.5 71180 0.486
Sept. 9, 2015
|| i
I Blance window ) VI Sept. 10,2015 2425 67527 0.522
eff. 6 a.c..#3.4x10 Aug. 24, 2016
events (#1.4 x 10°
events/ keV) VI Sept. 7,2016 D 242.5 75135 0.480
Sept. 25, 2017
Exposure first data release of DAMA/LIBRA-phase2: - 1.13tonx yr

Exposure DAMA/ Nal+DAMA /LIBRA-phasel+phase2: 246tonx yr
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Pressure (mbar)

(1.1+ 0.9y 103
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¥Contributions to the total
¥Counting rate in DAMA/LIBRA for

events, inthe (2 ! 6) keV energy region induced by:
# I neutrons,

# ! muons

# | solar neutrinos.

neutron flux at LNGS; =2 &, = &g« (1 + nkcosw (£ — tx))
single-hit

Ry = Ro . (1 4+ ncosw (t —tx))

EPJC 74 (2014) 3196 (also EPJC 56 (2008) 333,
EPJC 72 (2012) 2064,1JMPA 28 (2013) 1330022)

Source & i t Roy Av=PRopme | Ax/See
(neutrons cm~% s~ 1) (cpd/kg/keV) (cpd/kg/keV)
thermal n 1.08 x 1079 [15] ~0 - <8x107° 2,7, 8] L8x1077 | €«7x107°
(1072 -10"1 eV) however < 0.1 [2, 7, 8]
SLOW
neutrons  epithermal n 2 x 1079 [15] ~0 - <3x107° (2, 7, 8] <3x107* < 0.03
(eV-keV) however < 0.1 [2, 7, §]
fission, (a,n) — 1 ~0.9x10-7 [17] ~0 = <6x 107 2 7.8 <6x10° | <5x10°
(1-10 MeV) however <« 0.1 [2, 7, §]
1 — n from rock ~3x107? 0.0129 [23] end of June [23, 7, 8] | «7x107* (seetextand <9x107°® | «8x107*
FAST (> 10 MeV) (see text and ref. [12]) [2,7,8])
neutrons
i — n from Pb shield ~6x 1077 0.0129 [23] end of June [23,7,8] | € 14x107% (scetextand <«2x107° |« 16x10~*
(> 10 MeV) (see footnote 3) footnote 3)
v—m ~ 3 x 1071 (see text) 0.03342 * Jan. 4th * L7x1073 (see text) <2x1078 <2x107*
(few MeV)
direct p Y ~ 20 p m—2d-! [20] 0.0129 [23] end of June [23, 7, §] ~ 1077 (2,7, 8§ ~107? ~ 107
direct v 3\ ~ 6 x 10" v cm~25~" [26] 0.03342 * Jan. 4th * ~10-% 31] 3% 10~7 3 x 105

The annual modulation of solar neutrino is due to the different Sun-Earth distance along the year; so the
relative modulation amplitude is twice the eccentricity of the Earth orbit and the phase is given by the perihelion.

All are negligible w.r.t. the annual modulation amplitude observed by DAMA/LIBRA
and they cannot contribute to the observed modulation amplitude.

+ In no case neutrons (of whatever origin) can mimic the DM annual modulation signature since some of the
peculiar requirements of the signature

the energy spectrum, variation in the multiple hit events,... which were not observed.

would fail, such as the neutrons would induce e.g. variations in all




9'))%2:$*3%$, "#$2#0'(,05*;, %o-&#t+$-&S, " H#$Ybr+ +-,-*&%0($-&4#0,-1%,
*3$/%00-;(#$0:0,#)%,-70$*2$0-+#$2#%7 , - BB=5 @AB=8

NIMA592(2008)297, EPJC56(2008)333, J. Phys. Conf . ser. 203(2010)012040, arXiv:0912.0660, S.I.F.AttiConf.103(211), Can. J.

Phys. 89 (2011) 11, Phys.Proc.37(2012)1095, EPJC72(2012)2064, arxiv:1210.6199 & 1211.6346, |JMPA28(2013)1330022,
EPJC74(2014)3196, IIMPA31(2017)issue31

Source Main comment Cautious upper
limit (90%C.L.)
RADON Sealed Cu box in HP Nitrogen atmosphere, <2.5%$10° cpd /kg/ keV
3-level of sealing, etc.
TEMPERATURE Installation is air conditioned+
detectors in Cu housings directly in contact <10 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 + intrinsic calibrations <1-2 $10*“ 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 <104 cpd /kg/ keV

multiple-hits events;
this limit includes all possible
sources of background

SIDE REACTIONS Muon flux variation measured at LNGS <3$10° cpd /kg/ keV

+ they cannot Thus, they cannot mimic the
satisfy all the requirements of observed annual

annual modulation signature modulation effect




Model-independent evidence by
DAMA/Nal and DAMA/LIBRA-ph1, -ph2

well compatible with several
candidates in many astrophysical,
nuclear and particle physics scenarios

o O

@)

Neutralino as LSB in various SUSY theories

/Vc{ious 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
+channeling,... (from low to high mass)

Pseudoscalar, scalar or
mixed light bosons with

WIMP with preferred inelastic scattering axion-ljke interactions

M{Mﬂaﬁer Light Dark Matt¢r /

Dark Matter (inclucm\ios Sterile neutrino /§élf mT/e}/C‘chg/ Park Matter
for WIMP) electron-interact
) [ §&\ 7 Wﬁc cgnditates, as
\ / 4tk family-afoms”, ...
Elemenmry Black holes : a / /

such as the Daemons 4
“Kaluza Klein particles

.. and more




Model-independent evidence by
DAMA/Nal and DAMA/LIBRA-ph1, -ph2

well compatible with several
candidates in many astrophysical,
nuclear and particle physics scenarios
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Just few examples of
interpretation of the annual
modulation in terms of candidate
particles in some scenarios
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Is it an “universa
the problem

and “correct” way to approach
of DM and comparisons?
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See e.g.: Riv.N.Cim.26 n.1(2003)1, IJMPD13(2004)2127, EPJC47(2006)263,
IIMPA21(2006)1445, EPJC56(2008)333, PRD84(2011)055014,
IJMPA28(2013)1330022

Eand experimental aspectsE
¥! Exposures

¥! Energy threshold

¥! Detector response ( phe /keV)

EmodeIsE ¥! Energy scale and energy resolution

¥! Which particle? ¥! Calibrations

¥!' Which interaction coupling? ¥! Stability of all the operating conditions.

¥! Which Form Factors for each ¥! Selections of detectors and of data.
target-material? ¥! Subtraction/rejection procedures and

¥! Which Spin Factor? stability in time of all the selected windows

¥! Which nuclear model framework? and related quantities

¥! Which scaling law? ¥! Efficiencies

¥! Which halo model, profile and ¥! Definition of fiducial volume and non-
related parameters? uniformity

¥! Streams? ¥! Quenching factors, channeling, E

¥l ¥l E

Uncertainty in experimental parameters, as well as necessary assumptions on various related
astrophysical, nuclear and particle-physics aspects, affect all the results at various extent, both in

terms of exclusion plots and in terms of allowed regions/volumes. Thus comparisons with a fixed set of
ions and parametersO values are intrinsically strongly uncertain.

iment can be directly compared in mo
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case of DM particles inducing elastic scatterings on target-nuclei, Sl case

DMpO . . . :
Pl _ Regions in the nucleon cross section vs DM particle mass plane
,/ p ¥Some velocity distributions and uncertainties considered.
// ¥The DAMA regions represent the domain where the likelihood-function values differ
DMp — / //’ more than 7.5! from the null hypothesis (absence of modulation).
N y ¥For CoGeNT a fixed value for the Ge quenching factor and a Helm form factor with
JA\ fixed parameters are assumed.

I ¥The CoGeNT region includes configurations whose likelihood-function values differ
more than 1.64! from the null hypothesis (absence of modulation). This corresponds
roughly to 90% C.L. far from zero signal.

~ — =~ dIncluding the Migdal effect
' " Towards lower mass/higher !

DAMA allowed regions for a particular = 1L
set of astrophysical, nuclear and particle ; PRD84(2011)0%5014, IJMPA28(2013)1330022
Physics assumptions without (green), I
with (blue) channeling, with energy- 10739 | SRR
dependent Quenching Factors (red); } T .

e - RS Co-rotating halo,
7.5 C.L & -0 — e — ~Non thermalized component
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