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Some direst ideteetioinprocesses:

¥ Inelastic Dark Matter
I W has 2 mass states #+ , #- with $

¥ Scatterings on nuclei
| detection of nuclear recoil energy

DMp® lonization:

_ Ge,Si mass splitting

7

/ / Bolometer:
DMp| _, 4 /// TeQ, Ge, CawQ

N ?J/A\ Scintillation:

LXe,CaF,(Eu), E >

¥ Excitation of bound electrons in scatterings on nuclei

I detection of recoil nuclei+ e.m. radiation

¥ Conversion of particle into e.m. radiation\a

I detection of ", X-rays, e-

.
.
.
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¥ Interaction only on atomic ¥ Interaction of light DMp (LDM) on

electrons e or nucleus with production of a
, " lighter particle
I detection of e.m. radiation el
e 2 I detection of electron/nucleus
e - recoil energy  k,_ v i
DMp .-~ o®&séL N v
e u’v "‘ L
A e.g. sterile !
... even WIMPs “=Za b 7

E also other ideas E
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Nal(Tl), 5 WL TH VD
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‘ I Kinematical constraint for the

inelastic scattering of  #- on a nucleus

n
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e.g. signals
from these
candidates are
completely
lost in
experiments
based on
Orejection
proceduresO of
the e.m.
component of
their rate

el ... and more



Directidétéction experments) ts

The direct detection experiments can be classified in two
classes, depending on what they are based:

1.!on the recognition of the signals due to Dark
ONE WAY Matter particles with respect to the background by

<;rwo wAYS> using a model-independent signature

- 2 lon the use of uncertain techniques of statistical
P | subtractions of the e.m. component of the
‘(,L@'Ognai,m counting rate (adding systematical effects and lost

wamisoanateion — of candidates with pure electromagnetic
productions)

DMp(") lonization:
< /’ Ge, SI

y 4 2
— |

DMp| _, o7 —1 1 TeQ, Ge, CawQ,
.a N -%\ Scintillation: |
X-ray, s o - Nal(Tl),

B A LXe,CaF,(Eu), E
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Directtdétéetion expenments

Summarizing, the detectors for DM:

¥
¥
¥

¥
¥

must have very low-energy thresholds (order of keV at least)

must have very low intrinsic  bckg

must be well shielded by external environmental radiation ( muons , neutrons,
gammas, E)

must be stable with time

must have very good experimental features (energy resolution, check of the energy
scale, uniformity of the detector, and many others)

Many techniques/experiments on the market:

K K K K K K

Scintillation detectors:  Nal(TI) ...

Liquid noble gases: LXe, LAr, LNe
Bolometers (heat vs ionization): Ge, Si
Bolometers (heat vs scintillation): CawO ,

lonization detectors: Ge DM lonization:
and others ... - > 4 GeSi
,. /
/ 2
’ / Bolometer:
DMp| _, o7 T Teq, Ge cawq
_a N %\ Scintillation:
L Xray - Nal(TI),
W LXe,CaFy(Eu),E
'~...'e- )




Experiments using liguid noble gases

in single phase detector:

! pulse shape discrimination "/recoils
from the UV scmhllo’rlon pho’rons

e.
th

DAMA/LXe XMASS
! Non-uniform response of detector: intrinsic limit
! UV light, unlinearity (more in larger volumes)
! Correction procedures applied

! Systematics

! Small light responses (2.2 ph.e./keVee) % energy threshold

at few keV unsafe

in dual phase detector:

m. component of
e counting rate

WARP, XENONI10,
100, 1T, LUX,

Statistical rejection of

PANDAX, DarkSide,
DEAP, CLEAN, ArDM
Many cuts applied, each of them can introduce

systematics. The systematics can be variable along the
data taking period; can they and the related

calibration?

! Physical energy threshold unproved by source calibrations

! Poor energy resolution; resolution at threshold unknown

*! Light responses for electrons and recoils at low energy

*! Quenching factors measured with a much-more-performing

detector cannot be used straightforward

! Efc.
After many cuts few events survive:

reached?

logm(S2h/Sl)-ER mean

intrinsic limit

-

el prompt signal (S1): UV photons from excitation and
ionizafion

{, el delayed signal (S2): e drifted into gas phase and
¢ secondary scintillation due to ionization in electric field
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Even very small systematics in
the data selections and
statistical discrimination and

e.m. component of
the rate can contain
the signal or part of it

Even assuming pure recoil case and
ideal discrimination on an event-by-
event base, the result will NOT be the

rejection procedures can be
difficult to estimate;

4

identfification of the presence of WIMP
elastic scatterings as DM signal, because
of the well known existing recoil-like
indistinguishable background

Therefore, even in the ideal case the “excellent suppression of the e.m.
component of the counting rate” can not provide a “signal identification”

A model independent signature is needed

Directionality Correlation of DM
impinging direction with Earth's
galactic motion

only for DM inducing recoils

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

at present the only feasible one, sensitive

to many DM candidates and scenarios

Diurnal modulation due to the Earth
rotation around its axis

2nd order effect

Shadow effect Daily variation of the
interaction rate due to different Earth
depth crossed by the DM particles _
only for high &

ece ber
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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.

Drukier, Freese, Spergel PRD86; Freese et al. PRD88

Requirements of the s %,
| modulation QT "“"*-:»X)’{gDe‘i’ember
annua L~ B / o ! Vyun ~ 232 km/s
1)Modulated rate according cosine St LS(;B)Vel inthe

2)In a definite low energy range A a v =130 km/s
o * Yorb T

3)With a proper period (1 year) | ~— o (Earth vel
A —— d th
4)With proper phase (about 2 June) J/une 30,@77/ ;ﬁt)m ©
5) Just for single hit events in a multi- S ol "=1/3,( =2/
detector set-up T,T=1year

= + " -
6) With modulation amplitude in the V) (1) = Vsun + Vor, COS™COS[( {1-1o)]

region of maximal sensitivity must dR (when v, is
be <7% for usually adopted halo Si[n@®)]= f EdER = Sox P COS[w(t —1))] maximum]
distributions, but it can be larger in AE, "R

case of some possible scenarios 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




DAMA/LIBRA (DAMA/Nal )
DAMA/LXe

DAMA/R&D

DAMA/Crys

DAMA/Ge

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):
IIT Kharagpur and Ropar, India

web site: http://people.roma?2.infn.it/dama



The pionesrrDANIAY/Nal
+100 kgehiighhyly radiopures Nal(Tl)

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

n
n

Results: omrase-processes:

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

in lodine atoms (by L-shell) PLB460(1999)235
¥ Search for solar axions PLB515(2001)6
¥ Exotic Matter search EPJdirect C14(2002)1
¥ Search for superdense nuclear matter EPJA23(2005)7
¥ Search for heavy clusters decays EPJA24(2005)51

gc

Results: omDNVpanticles:

¥ 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,
[JMPA21(2006)1445, EPJC47(2006)263, IJIMPA22(2007)3155,
EPJC53(2008)205, P RD77(2008)023506, MPLA23(2008)2125
Model independent evidence of a particle DM

component in the galactic halo at 6.3 o C.L.

total exposure (7 annual cycles) - 0.29 ton - - L yr
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As aresult of a 2nd generation R&D for more radiopure Nal(Tl) by

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

Residual contaminations in the new DAMA/LIBRA Nal(Tl)
detectors: 2?Th, 238U and “K at level of 10-'? g/g

! rRUd‘o—pvrﬁy—pwances procedwrere*c*NWZﬁ@@Sﬁ?ﬂNSW(Qom) 03009

I IResults on DM particles, Annual Modulation Signature: EPJC56(2008)333, EPJC67(2010)39, EPJC73(2013)2648.
Related results: PRD84(2011)055014, EPJC72(2012)2064, IJMPA28(2013) 1330022, EPJC74(2014)2827, EPJC74(2014)3196,
EPJC75(2015)239, EPJC75(2015)400, IJMPA31(2016) dedicated issue, EPJC77(2017)83

I IResults on rare processes: PEPv: EPJC62(2009)327; CNC: EPJC72(2012)1920; IPP in 241 Am: EPJA49(2013)64



Complete DAMA/LIBRA-phasel

Period Mass (kg) | Exposure (kgxday) | (a— 3%) .
| a ton! yr scale experiment
DAMA/LIBRA-1 | Sept. 9, 2003 - July 21, 2004 | 232.8 51405 0.562
DAMA/LIBRA-2 | July 21, 2004 - Oct. 28,2005 | 232.8 52507 0.467 ol EPIC56(2008)333
DAMA/LIBRA-3 | Oct. 28, 2005 - July 18,2006 | 232.8 30445 0.591 e EP]JC67(2010)39
|
DAMA/LIBRA-4 | July 10, 2006 - July 17, 2007 | 2328 49377 0.541 o' EPJC73(2013)2648
DAMA/LIBRA-5 | July 17, 2007 - Aug. 20, 2008 | 232.8 66105 0.468 , :
/ ? Gl ” e! calibrations: +96 Mevents
DAMA/LIBRA-6 | Nov. 12, 2008 - Sept. 1,2000 | 2425 58768 0.519 from sources
DAMA/LIBRA-7 | Sep. 1,2000- Sept. 8, 2010 | 2425 62008 0515 el acceptance window eff:
95 Mevents (+3.5
[ DAMA/LIBRA phasel | Sept. 9, 2003 - Sept. 8, 2010 3797050000 HE Mevents/keV)
DAMA /Nal + DAMA/LIBRAphasel: w

DAMA/LIBRA-phasel.:
¥ First upgrade on Sept 2008: replacement of some PMTs in HP N,
atmosphere, new Digitizers (U1063A Acqgiris 1GS/s 8-bit High-

speed cPCI), new DAQ system with optical read-out installed

DAMA/LIBRA-phase2 (running):
¥ Second upgrade at end 2010: replacement of all the PMTs
with higher Q.E. ones from dedicated developments
¥ commissioning on 2011
Goal: lowering the software energy threshold
¥ Fall 2012: new preamplifiers installed + special trigger modules.
Other new components in the electronic chain in development




Model Independent Annual Modulation Result

EPJC 56(2008)333,
DAMA/Nal + DAMA/LIBRA-phasel Total exposure: 487526 kg, day = 1.33 ton, yr EPJC 67(2010)39,

Single-hit residuals rate vs time in 2-6 keV EPIC 73(2013)2648
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1000 2000 3000 4000 2000

continuous line: t,=152.5d, T=1.0y Time (day)

Absence of modulation¢e No Fit: t1,=152.5d, T=1.0vy
#2/dof=154/87 A = (0.0110 £ 0.0012) cpd/kg/keV
P(A=0) = 1.3, 10 #2/dof = 70.4/86 9.2&C.L.

The data favor the presence of a modulated behaviour with all the proper
features for DM particles in the galactic halo at about 9.2& C.L.
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DAMA/Nal + DAMA/LIBRA-phasel Total exposure: 487526 kg, day = 1.33 ton, yr

EPJC 56(2008)333, EPJC 67(2010)39, EPJC 73(2013)2648
The measured modulation amplitudes (A), period (T)
and phase (t,) from the single-hit residual rate vs time

A(cpd/kg/keV) T=2nc/w (yr) to (day) C.L.
DAMA/Nal+DAMA/LIBRA-phasel Acoq( (t-ty)]
(2-4) keV 0.0190 +0.0020 | 0.996 +0.002 134 +6 9.50
(2-5) keV 0.0140 +0.0015 | 0.996 +0.002 140 *6 9.30
(2-6) keV 0.0112 +0.0012 | 0.998 +0.002 144+7 ( 930 )
B 25; Principal mode Comparison between single hit residual rate (red points) and multiple
2 | = 5 2.737.103d1! 1y? hit residual rate (green points); Clear modulation in the single hit events;
< 20F 5 ' No modulation in the residual rate of the multiple hit events
é [ 43 2-6 keV =-(0.0005+0.0004) cpd/kg/keV
£ 1sf =1 ' 3 002 | Multiple hits events = ;
zZ [ » = t | Dark Matter particle “switched off” :! 2-6 keV
- & 001 [ i 0 i
(D) | < F ‘ E
“"% | g oft+—u— 9 -:i—gl:.*i:
Hal < : ‘—i—‘_i_ :
i‘ 6-14 keV| | | oo L —
! ,\' 7 E
[ ,'L".nqL,». 3_0'02;.1.,..1...!.||.,.1. NI T T
o bsanlX Y LA A M A R A e 250 300 350 400 450 500 550 600 650
0 0.002 0.004 0.006 0.?08 Time (da_v)
Frequency (d ) 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

The data favor the presence of a modulated behaviour with all the proper
features for DM particles in the galactic halo at about 9.2& C.L.




6*+H(P<&+HHE &, $I&E ' Vo($6*+'(%,-*&$>#0T,

DAMA/Nal + DAMA/LIBRA-phasel Total exposure: 1.33 ton, yr
Max-lik analysis of single hit events EPJC 56(2008)333, EPJC 67(2010)39, EPJC 73(2013)2648

¥ No modulation above 6 keV A clear modulation is present in the

¥ No modulation in the whole energy spectrum (2-6) keV energy interval, while S

¥ No modulation in the 2-6 keV multiple-hit events values compatible with zero are
—_ dios | present just above
- - 3 :

: el I - E=0.5keV bins :

é’ [ | The S, values in the (6D20) keV
:"DO 025 - _ﬁ—% energy interval have random
= 0! i s TN L ++ﬁ++ PESEIE T, S S fluctuations around zero with "2
B [ “T equal to 35.8 for 28 degrees of
20025 R(t) =S +S, cosy (t!t )@ freedom (upper tail probability 15%)
7 hereT=2# $=1 yrand t,= 152.5 day

-0.05 - . . _—

Y A N N O O 0 O V0 MO WO T L 0 1 O 0 O LA [ W IS there a SInUSOIdaI COI”I'[I‘IbU'[IOI’]
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R(t) =S, +S,c0d" (t! t,)]+Z,sinl" (t! t,)]= 5 +Y, cog" (¢! 1)

20 contonrs 220

20 contours
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Slight differences from 2 "d June are
expected in case of contributions from 002
non thermalized DM components (as - |
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No raleforr p im DAMA annual modulationresaliu

| EPIC72(2012)2064

/1 Direct p interaction in DAMA/LIBRA set-up: — >
DAMA/LIBRA surface 1 0.13 m? s
u flux @ DAMA/LIBRA ! 2.5 p/day

It cannot mimic the signature: already excluded by
Roo. OY multi-hits analysis + different phase, etc.

rate (epd/kg/keV)
?
|

°

Detector's matrix

V! Rate, R, of fast neutrons produced by pu: LI v
¥ /,@INGS! 20 um=2d! (£1.5% modulated) MonteCarlo simulation
¥  Annual modulation amplitude at low
energy due to p modulation: S, ) < (0.3-2.4) 10 cpd/kg/keV

Sm(u) = Rn g Of. E |:single 2% /(Msetup B E)

Moreover, this modulation also induces
a variation in other parts of the energy

It cannot mimic the signature: already excluded
by Reo. BY multi-hits analysis + different phase, etc.

spectrum and in the multi-hits events Ul 1B e B MAGRO 2]
V! Inconsistency of the phase between DAMA signal Ju,osit_ B
and p modulation - Borexino [14] | trateviie
un 29— the mountain
| flux @ LNGS (MACRO, LVD, BOREXINO) +3"104 m2s1; " —— -
modulation amplitude 1.5%; phase: July 7 £ 6 d, June  sun22f-
29 £ 6 d (Borexino) :
Jun 15}
The DAMA phase: May 26 + 7 days (stable over 13 years) :
Jun 08—
The DAMA phase is 5.7& far from the LVD/BOREXINO g
phases of muons (7.1 & far from MACRO measured JunmE: _______________
phase) May 25F-
- DAMA [3]
... many others arguments EPJC72(2012)2064, I

EPJC74(2014)3196



¥Contributions to the total
¥Counting rate in DAMA/LIBRA for

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

I ' muons,

I Isolar neutrinos.

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

Rk S RO,k (1 + T COSW (t = tk))

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

Source LI M tk Ry i Ay = Ro xmic Ay /S
(neutrons cm~% s~ 1) (cpd/kg/keV) (cpd/kg/keV)
thermal n 1.08 x 107° [15] ~( - <8x107° (2, 7, 8] < 8x 1077 L 7x107°
(1072 - 101 eV) however < 0.1 [2, 7, 8]
SLOW
neutrons  epithermal n 2 x 1079 [15] ~0 - <3x107° (2, 7, 8] <3x1074 < 0.03
(eV-keV) however < 0.1 [2, 7, 8]
fission, (@, 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] | < 14x10™% (seetextand <«2x107° |<1.6x10~?
(> 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—2s! [26] 0.03342 * Jan. 4th * ~ 1073 [31] 3x 107 8:x:10~8

* 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

requirements of the signature

would fall

muons and muon-induced events, solar !

peculiar




H")%21$*3$, "#$2#0'(,05%0,%-&#+$-&$, "#$Yo++-,-* &Y ($-&4#0,-1%
*3$/%00-J(#$010,#)%,-70$*2$0-+#$52#%7,-5Q6PKE=>97/"%60#L8

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

J. Phys. 82 (2011) 11, Phys.Proc.37(2012)1095, EPJC72(2012)2064, arxiv:1210.6199 & 1211.6346, IJIMPA28(2013)1330022,
EPJC74(2014)3196)
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 <104 cpd/kg/keV
with multi-ton shield! huge heat capacity
+ T continuously recorded

NOISE Effective full noise rejection near threshold <104 cpd/kg/keV
ENERGY SCALE Routine + infrinsic calibrations <1-2, 104 cpd/kg/keV
EFFICIENCIES Regularly measured by dedicated calibrations <104 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, 105 cpd/kg/keV

Thus, they cannot mimic the
observed annual
modulation effect

+ they cannot
satisfy all the requirements of
annual modulation signature




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

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

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

@)

Just few examples of
interpretation of the annual
modulation in terms of candidate

particles in some scenarios
‘Not best fit

WIMP: SI
= 0.06— - 0.06 -About the same C.L.
5’;‘ 0.02; j-‘Lﬁ,‘ R NF.W. Ae Evans power law
~ G T RN T R A A AR TR Tz . 75 il AR WiAn R ARhARATTSTA T
s 0 2 4 6 8§ 10 12 14 16 18 2= 0 2 4 6 § 10 12 14 16 18 20
Energy (keV) Energy (keV)
WIMP: SI& SD 6=2435
~ 0.06 7 - 0.06, _
S "I Beev | = F | 100 GeV
= 0.04- 5 = 0.04 '
B hl|, NF ! Fom Evans power law
< 0.02F o FW. 1 =02 It '
0 - ‘1‘“-“ RTRARIRAthARRnETEE L T e AR A A e
“ 0 2 4 6 8 10 12 14 16 18 20« 0 2 4 6 8 10 12 14 16 18 20
Energy (keV) Energy (keV)
LDM, bosonic DM
; 0.06 T’ - N i ; 0.06 = ()
Z 0.04 — ¥ oo Z (). m;=
.?i )04. L, 12 12 .3004 | . L
'_\_: 0.02 - ,LL‘\‘“‘ ",:: 0.02fs L & J'h‘ﬁ_
& P e L — s 2 Rl e Skl - TSP S SEP U + ]
£ 0 . e amn e e ot SRR T i s
n 0 2 4 6 b 10 12 14 16 18 20 # 0 2 4 6 3 10 12 14 16 18 20
Energy (keV) Energy (keV)
Compatibility with several candidates; ERICS6CNIEEE
IJIMPA28(2013)1330022

other ones

are open



Other scintillating detectors

ANAIS. Project for 3! 3 matrix of Nal(Tl) scintillators 12.5 kg each to
study DM annual modulation at Canfranc (LSC). Several prototypes from

different companies tested
¥R () ¥ 4o % +)* ")/ 40)103/ .4.5./- "6TRE*+*" 819: G; '(56+46
W5 2% 1@ () *4-. %, +)* A +12AR5GEAPH Cr 2N F A 2+
6)R2A" <'47/@" 72(H="
¥4 B8 (&S &, B S+, &3+"0" (&R D34P6+H(56', (5 5062$
MF/** *2G"+,572+"-,66")1$$#" ' H?"™"

: KIMS . pm with CsI(TI) crystals

| since 2000 at Yangyang (Y2L,
Korea). More recently KIMS-Nall

COSINE-100 =DM-ICE+KIMS Warning: PSD with CslI(TI), Nal(Tl),

RUNTING S G DI E sometimes overestimated
unning since SISl ' sensitivity; high rejection power
kg Nal in Y2L

claimed; existing systematics limit
the reachable sensitivity

Key points: not only residual
contaminants but also long-term/
high-level stability

# N
|
AMANDA -
u'.';" /h G OmmMBSIor]
| 1450m
| A
il Al
||
1

DM-ICE. Nal(Tl) * ™ i
deployed atthe \
South Pole -

+ SABRE (at the end of 2017) |,
picoLON, cryog. detectors

Sy

At R&D stage to obtain compeitive aI(TI) detectors wrt DAMA



Is it an Quniversal O and @orrect O way to approach
the problem of DM and comparisons ?

=

WIMP—=nucleon cross sectio

Smmmm‘rm .
MSSmnmmmwn

:nus nfﬁe‘l%«ﬁnwmeom 103
] N CoGaNT
W2 R 1107
r—
£
i
I g
\f‘{p? -8
g 7
Be  Qmpe cat RS N AL g
Neutrinos ' =
o)
2
5]
3
_________ =
~ d
- (Green cvals) Asymmetric DM S s S
(Vintet oval) Magnetic DM LY A
(B'UE oval) Extra dimansions XENON1T UPGRADE | 10—12 |
" (Rad circle) SUSY MSSM G :
A MSSM-Pure Miggsing ’# ek
L@ MSSM:A funnal \ ’ \( T d 10-13
MSSM: Bino-stop coannihilation Sl '
MSSM: Bing-squark coahnihilation —ory et el 1p-14
1 10 100 1000 10*
WIMP Mass [GeV/c?]

No, it isnOt. This is just a largely arbitrary/partial/incorrect exercise




ABofitdrrter petalithd

See e.g.: Riv.N.Cim.26 n.1(2003)1 AMPD13(2004)2127, EPJC47(2006)263,
IJMPA21(2006) 1445, EPJC56(2008)333, PRD84(2011)055014,
IJMPA28(2013) 1330022

..and experimental aspects...
o! Exposures

! Energy threshold

! Detector response (phe/keV)

..models... ! Energy scale and energy resolution

! Which particlee el Calibrations

*! Which inferaction coupling? «! Stability of all the operating condition:s.

*! Which Form EO%TOVS foreach «! Selections of detectors and of data.
mrgef'que”Ol‘ ! Subtraction/rejection procedures and

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

el Which nuclear model framework? and related quantities

! Which scaling lawe ! Efficiencies

*! Which halo model, profile and «! Definition of fiducial volume and non-
related parameterse uniformity

e! Streams? ! Quenching factors, channeling, ...

ol ... ol ...

Uncertainty in experimental parameters, as well as necessary assumptions on various related
astrophysical, nuclear and por’rlcle 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 flxed S

tions and parameters’ values are intrinsically strongly uncertain.

riment can be directly compared |



Examplesof uncertainties in models and scenarios

see for some details e.g.:
Riv.N.Cim.26 n.1 (2003) 1, [IMPD13(2004)2127,
EPJC47 (2006)263, IIMPA21 (2006)1445

Nature of the candidate
and couplings

Halo models & Astrophysical scenario

¥Isothermal sphere % very ¥Presence of non- Instrumental
YWIMP class particles S'mé)'? but unphysical halo  thermalized DM particle quantities
' . : mode
(neutrino, sneutrino, etc.): _ components : ¥Energy resolution
: ¥Many consistent halo models ¥Streams due e.g. to satellite 9y
Sl, SD, mixed SI&SD, y sduee.g. 105 ¥Efficiencies

with different density and galaxies of the Milky Way

preferred inelastic

+ e.m. contribution in the
detection
¥ ight bosonic particles

velocity distribution profiles
can be considered with their
own specific parameters (see
e.g. PRD61(2000)023512)

¥ICaustic halo model

(such as the Sagittarius
Dwarf)
¥Multi-component DM halo
¥Clumpinessat small or large

¥Quenching factors

¥IChanneling effects

¥Their dependence on
energy

¥KaluzaKlein particles
scale YE

¥Mirror dark matter )
¥Heavy Exotic candidate Eoiar \éVakes Quenching Factor
etc.

¥Fetc. etc. ¥ differences are presentin
Form Factors Spin Factors different experimental

for the case of determinations of g for the

recoiling nuclei oecaeeloh same nuclei in the same kind
recoiling nuclei

; : of detector depending on its
¥Many different profiles ¥Calculations in different models P g

: P . : specific features (e.g.
available in literature for each give very different values also for dgpends - dopafmgang ol
SO the same isotope impurities; in liquid noble gas
e.g.on trace impurities, on
presence of degassing

) ) releasing materials, on
¥Large differences in the measured thermodynamical conditions,

counting rate can be expected on possibly applied electric
using: field, etc); assumedl in
bolometers

Scaling laws
of cross sections for the
case of recoiling nuclei

¥Different scaling laws for
different DM patrticle:

&,1 2A2(1+40,)
0, =0 generally assumed

¥IParameters to fix for the
considered profiles

¥Depend on the nuclear potential
models

¥IDependence on particle-
0, + %1 in some nuclei? even Nucleus interaction

for neutralino candidate in
MSSM Eee Prezeau
Kamionkowski, Vogel et al.,
PRL91(2003)231301)

¥In SD form factors: no
decoupling between nuclear
and Dark Matter particles
degrees of freedom +
dependence on nuclear
potential

either SD not-sensitive isotopes

or SD sensitive isotopes ¥ channeling effects possible
depending on the unpaired increase at low energy in
nucleon (compare e.g. odd spin  Scintillators (dL/dx)
|sot(3£)es of Xlez,YTe, Ge, Si, W withy possible larger values of g
the **Na and | cases). (AstropPhys33 (2010) 40)

E and more E I energy dependence



... an example in literature...

Case of DM particles inducing elastic scatterings on target-nuclei, Sl case

DMpO

—
DMp / :4/,

P _ Regions in the nucleon cross section vs DM particle mass plane

¥Some velocity distributions and uncertainties considered.

¥The DAMA regions represent the domain where the likelihood-function values differ
more than 7.50 from the null hypothesis (absence of modulation).

¥For CoGeNT a fixed value for the Ge quenching factor and a Helm form factor with
fixed parameters are assumed.

¥The CoGeNT region includes configurations whose likelihood-function values differ
more than 1.640 from the null hypothesis (absence of modulation). This corresponds
roughly to 90% C.L. far from zero signal.

/——\

~_Including the Migdal effect

// # Towards lower mass/higher o
DAMA allowed regions for a particular : L
set of astrophysical , nuclear and particle ; PRD84(2011)055014, IJMPA28(2013)1330022
Physics assumptions without (green), I
with (blue) channeling , with energy- 10739 L ,5} 2
dependent Quenching Factors (red); . ) .
&l g RS . Co-rotating halo,
75 o CL, & 40| R R _— ~tNon thermalized component
g ] SRR K # Enlarge allowed region
2 i RN towards larger mass
58 90741 L '
o 2
CoGeNT; gf at fixed 1042 _
assumed value
[ A %
1.64 o C.L. 1043 _ i‘ I e
1 10 10
\ Combining channeling and energy

A\, (GeV) | Gependence of g (AstrPhys33 (2010) 40)
™ . — — ¥ Towards lower o




Scratching Below the Surface of the
Most General Parameter Space (S.
Scopel arXiv:1505.01926)

Most general approach: consider
ALL possible NR couplings,
including those depending on
velocity and momentum

= I, 1y,

) O = (vH)2,
YA much wider ;

parameter O3 =Sy - (i x ri).

my
space opens Oy = Sy - Sn,

P N i -
Os=iSy - | — xv" ),

show that O5=§

MFirst NI B
: O = (s : L)(sv : L)
explorations * mn SV my
S

indeed large o, =5

rooms for O
oM oo Oy = ISX . (S/\ X —)
compatibility my
can be .
achieved my
C)” = (§/ . L

. and much more considering
experimental and theoretical
uncertainties

Other examples
DAMA/ Nal+DAMA/LIBRA

DMp with preferred inelastic interaction: Slices from the 3d allowed
“tN& "+ N volume in gi i
ur ‘ glven scenar!_o

=
=

¥DM mass states #°, # with $ mass splitting  Zw* [
¥Kinematic cons’rroi\r&for iDM: S

1 n
E,uvzl # vlv, = |—

iDM interaction on Tl nuclei of the Nal(Tl) dopant?

PRL106(2011)011301
! For large splittings, the dominant scattering in ‘" '

Nal(Tl) can occur off of Thallium nuclei, with

A~205, which are present as a dopant at the . ' '

103 level in Nal(Tl) crystals.

0 100 200 300 100 200 300

! large splittings do not give rise to sizeable keV)
contribution on Na, I, Ge, Xe, Ca, O, ... nuclei.  JFund. Phys. 40(2010)900

Mirror Dark Matter EPJC75(2015)400
16<--2+5.("-.55)5"-,125G"-.55)5"7,5.+<"67)*+,*2)/64<""5)H2%%"
-.55)5"62(+)5"@2,E.25" *A"A21)5-2A"()7<")1")5A.*,5<"62(+)5="J.55)5'
@<AB)?22%"(,*"2"6+,'42" *A" "?))A"KJ"(, *A A +2

¥ 9*+25 (L)*"7)5+,4G"7@)+)*"0"- 55) ,‘ DAMA/LIBRA allowed

7@)+)*"H.*2L("-.M. *CFARY [ values for #f € inthe
case of mirror

hydrogen atom, ZO=1

¥ -.55)5",+)-"6(,125.%2")1"+@2"
J5A*5<"+,522+"5/(42." *E@BNAL /|
A2+2(+)56")1"KIJIOPIQF!"62+0/7" ~ f
C.+@"+@2"F/+@251)5A04.H2"(5) |
62('—)*6" lo'gg \__P,-f—-r"“'_

Values well compatible with
cosmologlcol bounds

fe (/745" ()*6+="*A" ) W _ |
15 (L)* )1 55)5 +) 0 5 10 l~ -0 2.- 20 3~ 40 4~ S0
Mass(Ge\)




DAMA annual modulation effect and
Asymmetric mirror matter

EPJC75(2015)400

Asymmetric mirror matter: mirror parity spontaneously broken at the electroweak scale
% mirror sector becomes heavier and deformed copy of ordinary sector; mirror
hydrogen can be stable and a good DM candidate

9*+25, (L)*"7)5+,4G"7@)+)*"0"-.55)5"7@)+)*"H.*2L("
- M.*?" EFW R

. NN — NN

-.55)5" +)-"6(,125.*?")R"+@2")5A.* 5<"+, 522+"*/(42." *"
+@8'9BN4AD"A2+2(+)56")1"K!JIOP9QF!"62+0/7"C.+@"
F/+@251)5A04.H2"(5)66"62(L)*6="

do A, a1 Ca,ar KA one’atZ?2% 5 o
— : ’ A CA,A’ = M fAfA’
A

dERr %1’2

Knowing that " 5./" g! 5, two cases are considered:

¥ Separate baryogenesis. 2=ng/ n. and 2’ =ngz4 n® are equal, and nQ¥ n.<<1.
The my. can be tens of GeV.

¥ Co-genesis of baryon and mirror baryon asymmetries. ng.=n; we need
my/My = 5, which singles out the mass of dark atom of about 5§ GeV.



DAMA annual modulation effect and

Asymmetric mirror matter

$ ICase of mys=5 GeV
$ Free parameter in the analysis:
¥ & = coupling constant

Results on the #f & parameter
in the considered scenarios

. . 350
¥f = fraction of mirror g ¥
. —
atoms in the halo g a0}
&
¥ For all the scenarios, various 250 |-
existing uncertainties in
nuclear and particle physics ™
guantities are considered. 150
¥ The allowed intervals identify .|
the values corresponding to
C.L. largerthan 5 & from the S0
null hypothesis \ .
-1.5 7
_ i _ logm(fme)
Scenaric Quenching COhueling | Mijial vt best o J& intervad
Facior (w17
" Q14 o no A - I e C L) 186 452
(all) £.73-114
b Q;: (4| e no Q80 1T Wie C L) L6 249
(all} 1577972
;4 no s LA « W3 (Al CL ) L85 447
(wily £72-107
o Qir 175 i o | 240« T (935 CL) 1.08-2 45
(all) 0.04-129
Qs p¢ |THi-nurmalized e ] S8« 1T WO C L 22050
(i) 180501

The allowed values for #f & in the case of mirror hydrogen atom,
Z' =1, ranges between 7.7 ! 10°to 1.1 ! 10~7. The values

within this overall range are

well compatible with cosmological

bounds . In particular, the best fit values among all the

considered scenarios gives

"feg, =241 1079

S, (cpd/kg/keV)

S,y (cpd/kg/keV)

S,, (cpd/kg/keV)

S, (cpd/kg/keV)

EPJC75(2015)400

Examples of expected S , for the
Mirror DM candidate considered

Energy (keV)

: 7%
] O I W e T = S PR
0 2 4 6 8 10 12 14 16 18 20
Energy (keV)

; 0%
o o e ]
0 2 4 6 8 10 12 14 16 18 20
Energy (keV)

: 5
P  H T=  TA & S S D W
0 2 4 6 8 10 12 14 16 18 20

Energy (keV)



DAMA annual modulation effect and
Asymmetric mirror matter

EPJC75(2015)400

¥ When the assumption m,- =5m , is released, allowed regions for the  #f & parameter as function of
m,- , obtained by marginalizing all the models for each considered scenarios as given in the previous
Table.

¥ The m interval from few GeVupto 50 GeVis explored.

W 10 ~ ¥ These allowed intervals identify the  #f € values
g : corresponding to C.L. largerthan 5 o0 from the
e null hypothesis, thatis  #f & = 0. The five
i scenarios defined in the previous Table can be
il recognized on the basis of different hatching of
107 the allowed regions; the black line is the overall
boundary.
10° L
9 - The allowed values for "fe& inthe case of
10" ¢ mirror hydrogen atom,Z " =1, are well
compatible with cosmological bounds
10‘10 PETETENS) STSTETErES SUETSTETSY SSTErATE SPETETr S SrErEr SN AT S SrEr i SrArErare TS

0 5 10 15 20 25 30 35 40 45 50
Mass(GeV)



DAMA annual modulation effect and
Symmetric mirror matter

Symmetric mirror matter:

EPJC77(2017)83

¥ an exact duplicate of ordinary matter from parallel hidden sector, which chemical
composition is dominated by mirror Helium, while it can also contain significant
fractions of heavier elements as Carbon and Oxygen.

¥ halo composed by a bubble of Mirror particles of different species; Sun is tfravelling
across the bubble which is moving in the Galactic Frame (GF) with v, velocity;

¥ the mirror parficles in the bubble have Maxwellian velocity distribution in a frame
where the bubble is at rest; cold and hot bubble with temperature from 104K to 108 K

¥ interaction via photon - mirror photon kinetic mixing

Examples of expected phase of the annual modulation
signal (case of halo moving on the galactic plane)

AV
¥ Sun

300 - V,,,=300 km/s o

/ﬂ \/h.ﬂn:ZOO klh/s
_-4""?

t, (day)

200 | / Vhale=50 km/s

100

T

30 DAMA allowed region

0 PEEE ST EY WA S VESTURPYINY G LS PPN VOOTUNN DY G WU S [PTT U TN VIR [ VO SPRY S Il MY FTeEt 2
0 50 100 150 200 250 300 350
o (degree)

V,a1.=100 km/s V

0 (degree)

The blue regions correspond to directions of
the halo velocities in GC (6, ¢) giving a
phase compatible at 3o with DAMA phase

80
60
40
20

-20
-40
-60
-80

30 region

Viaie = 200 km/s

150100 50 0 50 100 150

O (degree)



DAMA annual modulation effect and
Symmetric mirror matter

Symmetric mirror matter:

EPJC77(2017)83

¥ Results refers to halo velocities parallel or anti-parallel to the Sun (@ =0, x). For these

configurations the expected phase is June 2
¥ The free parameters in the analysis are v, (positive values correspond to halo
moving in the same direction of the Sun while negative values correspond to

opposite direction) and the equilibrium Temperature, T, of the halo

%

w 10
g i
Mirror matter H(%) He(%) C(@%) O(%) Fe (%) Sk :
composition [ ISM$BSNSE@
H', He' 25 75 - - - 8
H',He/,C', O/ 125 75 7. 55 = 10 ¢
H',He/,C',0',F¢’ 20 74 0.9 5. 0.1 \ [
DAMA/LIBRA allowed values for |/ K
#f € in different scenarios 10 kxR R
¥ For all the scenarios, various existing uncertainties in nuclear i
and particle physics quantities are considered.
¥ The allowed intervals identify the values corresponding to C.L.
larger than 5 & from the null hypothesis -10
0 1
\/7, ¢ coupling const. and DM -200 0 200
fraction as mirror atom vhalo(km/s)

Many configurations and halo models favored by the DAMA annual modulation effect

corresponds to couplings values well compatible with cosmological bounds.



DAMA annual modulation effect and
Symmetric mirror matter

EPJC77(2017)83

=
"
T

Examples of expected S | for the
Mirror DM candidate considered

Rate (cpd/kg/keV)

S

; 3 i 5
Energy (keV)
Examples of DAMA/LIBRA allowed values for #f € in different

scenarios as function of the equilibrium temperature of the halo

27 -7
10 ¢ -
IR RN

~ Viao = 0 km/s

Vhao = 150 km/s

. Composite dark halo =
- HO (20%), HeO (74%), !
s | CQ (0.9%), 00 (5%), 0 L
; FeO (0.1%), with v, = 220 g
km/s, Va0, =0 km/s and
parameters in the set C.
. Composite dark

8

S

7

-9

107 ¢ halo HO (24%), 10 F
Hed (75%), Fed (1%), with i
Vo =220 Km/s,  Vpgo =
150 km/s and
161° il it e ... parameters in the set C. 161° I R
10 100 10° 10’ 10° 1w 10’ 10 10 10®

Temperature (K) Temperature (K)



Perspectives for the future

Other signatures?
¥ Diurnal effects

¥ Second order effects
¥ Shadow effects

¥ Directionality

¥ E



Diurnal effects in DAMA/LIBRA-phasel

_ EPJC 74 (2014) 2827
A diurnal effect with the sidereal time is expected for DM because of Earth rotation

Velocity of the detector in the terrestrial laboratory: Q—)’lab (t) = 7 LSR + 27@ -+ ?7rev (t) + ’l_J}Ot (t),
Since: 2325
I a 245F =
-1 |6s| = l'l_).LSR'{"D‘OI ~ 232 £ 50 km/s, E o E 232.4)
1! |Freo ()] = 30 km/s 8 %
I-1 Iﬁrot(t)| ~ 0.34 km/s at LNGS < é‘-’ 2322
Ulab (t) ™~ Vg + Vs * Urey t) + Vs * Urot = * i
220

/E{ected signal counting rate in a given k  —th energy bin:
OSk

Sk [Vian(t)] = Sk [vs]+ [3v_mz>

The ratio R, is @ model independent constant:

Diurnal

ulation

L L i L e A s PP BT S P P R PR P
O 50 100 150 200 250 300 350 0 2 4 6 8 1012 14 16 18 20 22 24

Sidereal time (d)

Sidereal time (h)

J [VEarth Bm cosw(t — to) + V. By coswyor (t — tg)] /@el-independent result on possible diurna\
Vs effect in DAMA/LIBRAPphasel

A, are compatible with zero at the present level of sensitivity. - .
\Ad (2-6 keV)<1.2 ! 103 cpd/kg/ keV (90%CL) \)hasel observed effect

larger exposure DAMA/LIBRAPphase?2 (+lower energy threshold)

amplitude derived from the DAMA/LIBRAD/

@ 2-6 keV = 2-6 keV
Sd V.'.Bd . (S 0.02
R = —_— -  ~(.016 atLNGS latitude o mf > ol
4 Sm VEartth i j]r + Ill‘ﬁ + é + + + + +
i il || 3 °f T
¥Observed annual modulation amplitude in DAMA/LIBRADphasel in the E oo TJF wULJrHHT i T E‘M. TH # WH*
(2b6) keV energy interval: (0.0097 £ 0.0013) cpd/kg/ keV ial ik
. . . . . solar sidereal
¥Thus, the expected value of the diurnal modulation amplitude is =1.5 | TP SOOIt d S Y SO e kb
10—4 de /kg/ keV Solar Time (h) Sidereal Time (h)
¥When fitting the single-hit residuals with a cosine function with period : . .
P t tal tivit t yet
fixed at 24 h and phase at 14 h:  all the diurnal modulation amplitudes reserlt eXpenmeTia SensIuyly

enough for the expected diurnal modulation

offers increased sensitivity to such an effect



Perspectives for the future

Other signatures?
¥ Diurnal effects

rder effects
¥ Shadow effects
¥ Directionality
¥ E




Earth shadowmg effect with DAMA/LIBRADphasel

DM preferential DM preferential
direction at direction at

08:00 GMST 20.00 GMST

EPJC75(2015)239

"~ ¥ Earth Shadow Effect could be expected for DM candidate
particles inducing nuclear recoils

¥ can be pointed out only for candidates with high cross-
section with ordinary matter (low DM local density)
¥ would be induced by the variation during the day of the

Earth thickness crossed by the DM particle in order to reach
LNGS| the experimental set-up

¥ DM particles crossing Earth lose their energy
¥ DM velocity distribution observed in the laboratory frame is modified

a0l as function of time (GMST 8:00 black; GMST 20:00 red)
3 =150 GeV
20 ’isooo ::1?0,1: 1 p:
L 1 1 1 L 1 ]
2 4 6 8 1012 14 16 18 20 22 24
GMST (h)
% 0.04 DAMA/LIBRA-phasel (exposure: 1.04 ton x yr)
i T (2-4) keV single-hit events 050 400 00 300 400 600 500
{c 0 02 C | _gawant S aREEEEIEES S s 5 Velocity (km/s) Velocity (km/s) Velocity (km/s)
= Foes. | I o l % B Moy=10GeV | 3 Mpy =60 GeV | 5
=" = omts | & R e et i frvs 300 nd o, =0.5 pb
& |4 S i i v ) AR P : 5 T o |

.....................

. 2000
-. q]
1 1000f
-0.04 - Tterasnst : c,=10pb o,=0.1pb
—— T 9300 400 600 800 200 400 600 800
0 2 4 6 8 10 12 14 16 18 20 22 24 Velocity (km/s) Velocity (km/s) Velocity (km/s)
vy = 220 km/s; mp,, = 30 GeV; QF const.; €a, = 1,1x107 pb GMST (h)

Taking into account the DAMA/LIBRA DM annual modulation result, allowed
regions inthe & vs o, plane for each mpy,.
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(k) (Bo/ks (BgRka) GnRgkal LBy L}v unBy kel (Bg'kg) (mBg kg (mBgka)
dveraer .43 4 o012 54 L
Standard =(\-lallou .00 10 &0.02 I 1o
i , . &/E@59.5keV for each detector with new PMTs
Mean value: with higher quantum efficiency (blu points) and
4 7.9%(0.6% RMS) - \vith previous PMT EMI-Electron Tube (red points)
O i 6.7%(0.5% RMS) '
R & oo ] ol | The lightiresponses
Nt g ‘4O O .
‘ LIRS Q‘-. ik =i Previous PMTs: 5.5-7.5 ph.e./keV
TR ‘«"‘-.6,%0 T 8,5 | New PMTs: up to 10 ph.e./keV
i R e . a%4 a4 | ¥ To study the nature of the particles and features of
related astrophysical, nuclear and particle physics
aspects, and to investigate second order effects
| | | | [
0 5 10 15 20 25 ¥ Special data taking for other rare processes

Detector number



596915530/ %AHBAS DS+, %$,%6D-8&1

" | Calibrations 5 a.c.: + 1.03 x 108 events from sources
"1 Acceptance window eff. 5 a.c.: + 7 x 107 events (+2.8 x 10¢ events/keV)

Annual Period Exposure
Cycles (kg 3day)

Dec 2010 b Commissioning
Sept. 2011

Nov. 2, 2011 B 62917
Sept. 11, 2012

Oct. 8, 2012 P 60586
Sept. 2, 2013

Sept. 8, 2013 73792
Sept. 1, 2014

Sept. 1, 2014 D 71180
Sept. 9, 2015

Sept. 10, 2015 D 67527
Aug. 24, 2016

Sept 2016 D " 70000
Sept. 2017

Exposure collected in the first 5 a.c. of DAMA/LIBRA-phase2: 0,92 ton x yr
Expected exposure in the first 6 a.c. # 1,1 ton x yr




DAMA/LIBRA-phase2: constraining DM models
~ 0.06 Few examples under some
- T A i + DAMA/LIBRA-ph2 (6yr) astrophysical, nuclear and particle
%n 0.04 - h : + DAMA/LIBRA-ph2 (12yr) physics assumptions; no best fit,
< 0.02F - same C.L.
g 0 i [ 1 1 ' 1 l = === OWIMPO SI vs SI&SD
w0 1 2 3 4 5 6 - g NFW, 15Gev
Energy (keV)
~ 0.06———
_ - n  |pum + DAMA/LIBRA-ph2 (6yr)
It can disentangle among: % 0.04; + DAMA/LIBRA-ph2 (12yr)
¥ Different masses = 0.020
¥ Different coupling '§ R == |
¥ Different particles = ! ST TR T P T T
% 0 1 2 3 4 5 6 T 8

Energy (keV)
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2 b ' . .. +DAMA/LIBRA-ph2 (6yr)

= 004 + DAMA/LIBRA-ph2 (12yr)
< 0.02}s
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Features of the DM signal

The importance of studying second order effects and the annual modulation phase
DAMA/Nal+LIBRA-phasel

High exposure and lower energy threshold can allow
further investigation on: sigE
- the nature of the DM candidates z o
= L ] S| IR | R /SRR Tkt Rt ke (e R Mttt G
- possible diurnal effects on the sidereal time ha
100
- astrophysical models L L (RS
2 3 4 5 6 7 8
The annual modulation phase depends on : Energy (keV)
¥Presence of streams (as SagDEG and Canis The effect of the streams on the phase
Major) in the Galaxy depends on the galactic halo model
MPresence of caustics £ [ Expectpase e
. . o absence of streams 1, =
¥Effects of gravitational focusing of the Sun Eis | 1525d0% e
o
g =
PRL112(2014)011301 (B B 1 6V} T :
T ; T T - - 4 " Evans™log axisymumetric
e aanan | 1 Pcet] § iis iy g non-rotiting, v, =220k,
. ",. e _\.” | o m.‘v ............... — § ._ J“: \ R.=Skpe, pymax —‘-1% Sar
. | - 1y 00 GF . »_\_\ f_ 140 A \ NFEW spherical isoftropic
" 2 \ ‘ non-rotating, v,=220km/s.
Miwch | Masch | b \ 135 / Poiinx + JQ&SI_N
i e \ ) w.  Example, NaI: 10 tonsxyr
May | May | I" 1
June 1 . ""'“" ’ June | F . ma ;'“""'-.-'4“"""'":';"- 125 v
100 200 300 400 0.1 | 5 2050 A (2-6) keV - t, = (146+7) d
Vinin (Kin/s) Eqin (keVar) | I e G g | | |

1
ey 4 6 § 10 12 14 16 18 w0

A step towards such investigations: s

% DAMA/LIBRA-phase2
running with lower energy threshold and larger exposure
+ further possible improvements (DAMA/LIBRA-phase3) and



Towards: futtrecDAMA/LIBRA-phase3

DAMA/LIBRA-phase3 (enhancing sensitivities for corollary aspects, other DM features,
second order effects and other rare processes)

¥ R&D studies towards the possible DAMA/LIBRA-phase3 are continuing in particular as
regards new protocols for possible modifications of the detectors; moreover, four new
PMT prototypes from a dedicated R&D with HAMAMATSU are already at hand.

¥ Improving the light collection of the detectors (and accordingly the light yields and the
energy thresholds). Improving the electronics.

¥ Other possible option : new ULB crystal scintillators (e.g. ZnWO ) placed in between the
DAMA/LIBRA detectors to add also a high sensitivity directionality meas.

The presently-reached metallic PMTs features
¥ Q.E. around 35-40% @ 420 nm ( Nal(Tl) light)

¥ radiopurity at level of 5 mBq/PMT ( 4°K),
3-4 mBq/PMT ( 232Th), 3-4 mBq/PMT ( 238U),
1 mBq/PMT ( %?°Ra), 2 mBq/PMT ( 8°Co).

4 prototypes at hand



Perspectives for the future

Other signatures?
¥ Diurnal effects

¥ Second order effects
¥ Sha ffects

¥ Directionality

¥ E




Directtomaditityeleutigiguet ReR8Dagkige)

! Only for candidates inducing just recoils
! |dentification of the Dark Matter particle by exploiting the
non-isotropic recoil distribution correlated to the Earth
position with to the Sun NEWAGE

Anisotropic scintillators: DAMA, UK, Japan / A /

DRIFT-1Id

The DRIFT-IId detector in the Boulby Mine

The detector volume is divided by the central cathode, each haif has its
own multi-wire proportional chamber (MWPC) readout

u -PIC(Micro Pixel
Chamber) is a two
dimensional
position sensitive
gaseous detector

Background
dominated by i
Radon Progeny [ |Cument ___ [Plan |

. Detection Volume 30%30%31em3  =1m? ) )
Recoils (decay of cas cF1s2tor  cR,307er  =INtermal radicactive BG
299 Energy threshold 100keV askeV restricts the sensitivities

Rn d aug hter . Energy resolution(@ threshoid) 70%(FWHM) so%(FwHM) =We are working on to
nuclei, presenT N Gamma-ray rejection(@threshold).  Bx10% 1% 107 reduce the backegrounds!
.I-h e C h O m bel’) Angular resolution (@ threshold) 55 (RMS) 30" (RMS)

Dinesh Leomts

DM-TPC

¥ The “4---Shooter” 18L (6.6
gm) TPC 4xCCD, Seo-

. level@MIT

. ¥ moving to WIPP

¥ Cubic meter funded, design
underway

RED
Track readout: track length ranges also $ A . % use <= O T T
different optical techniques and make a pre-selection sSSP ot yet competitive sensitivity
on the optical microscopes (also polarization) |




Development of detectors with anisotropic response

DAMA - Seminal paper: N.Cim.C15(1992)475; revisited: EPJC28(2003)203); more
recently other suitable materials: EPJC73(2013)2276; now: work in progress

Anisotropic detectors are of great interest for many applicative fields, e.qg.:
%! they can offer a unique way to study directionality for Dark Matter candidates that
induce nuclear recoils by exploiting the non-isotropic recoil distribution correlated

to the Earth velocity

DM mean ) Dl\.'l mean
direction in the direction in the

Taking into account: evening morning
- the correlation between the direction of the nuclear recoils

and the Earth motion in the galactic rest frame; ‘ :
- the peculiar features of anisotropic detectors; i

the detector response is expected to vary as a function of the
sidereal time _ P LnGs
O # light masses

The ADAMO project: Development Zn, W # high masses
of ZnWO, anisotropic scintillators

——— )
The light output and pulse '
0.2 1 58 shape of ZnWO, depend on . ,/
{{ ; g B ol the direction of the impinging . 0
: : o O3 particles with respect to the ==
S g BT i crystal axes
* Both these anisotropic features .
can provide two independent . .
. | | | ways to exploit the Measurements of anisotropy in
0 5 4 p directionality approach keV range by neutron gene_rator
Energy of o particles (McV) on-going at ENEA-Casaccia




Conclusions
DARK MATTER investigation with direct detection approach

¥ Different solid techniques can give complementary results

¥ Some further efforts to demonstrate the
solidity of some techniques are needed

¥ Higher exposed mass not a
synonymous of higher sensitivity

¥ DAMA positive evidence (9.3 & C.L.). The
modulation parameters determined with
better precision.
+ full sensitivity to many kinds of DM
candidates and interactions both inducing
recoils and/or e.m. radiation.

¥ Possible positive hints are compatible
with DAMA in many scenarios; null
searches not in robust conflict. Consider
also the experimental and theoretical
uncertainties.

¥ The model independent signature is the definite strategy to investigate
the presence of Dark Matter particle component(s) in the Galactic halo



