Roma2,Romal,LNGS, THEP/E: _'
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+ some studies on (3 decays(DST-M T Kharagpur/Ropar, India
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Many different low “fsz"r!;u;); AN SreusunSIers SRaoneyaneprogress/foreseen
.'.‘ ‘\'f :’. - -..
since last DAMA presentationtinio|
e .
v Cumulatively ~ 30 papers publishedionfinternational reviews or on conference proceedings
v 30 talks at conferences and seminars allfover the worl . r
v Master degrees, PhD and Maste of Science t _gsé?on the various activities

- - e )
18

ANVUR VQR 2004-2010 results in 2014: 24/27 full-rank products; fotal score 25.6/27
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All engagements with INFN always fully respected without delays
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DAMA/LIBRA

April 29, 2015 http://people.roma2.infn.it/dama s




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 I
(all operations involving crystals and PMTs - including photos - in HP Nitrogen atmosphere) “\ 6

//' E 9
w2\ S
'

-

1 Radlopur'lfy performances, 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, EPTC74(2014)3196

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

A IPP in 21 Am: EPTA49(2013)64




DAMA/LIBRA:
Main activities in the period Oct. 2013 -April 2015

1) The final model indipendent results for a total exposure of 1.04 tonxyr collected
by DAMA/LIBRA-phasel in 7 annual cycles (further 0.17 tonxyr) published;

2) Some new electronic modules developed;
3) Some review papers published;

4) The results obtained in the search of possible diurnal effects in the low energy
single-hit data of DAMA/LIBRA-phasel published;

5) A work further demonstrating that neutrons, muons and solar neutrinos do not
play any significant role in the DAMA DM annual modulation effect;

6) DAMA/LIBRA-phase?2 in data taking in the new configuration with lower energy
threshold;

7) Investigations on corollary analyses, other DM features, second order effects,
and many other rare processes with higher sensitivities progressed and some
papers prepared



Model Inde

DAMA/Nal + DAMA/LIBI}z phasel

endent Annual Modulation Result

Total exposure: 487526 kgxday = 1.33 tonxyr

Slngle -hit residuals rate vs time in 2-6 keV

EPJC 73(2013)2648, IJMPA28(2013) 1330022

= &——— DANIA/NaI (0.29(tonxyr) ~——> | | DAMMIIBRALA tomfyr) — | ; et = _
E 008 i i E;targetmaamrmqug‘; | ir P ﬁarge/?massﬂ232 811)(1;)yr i s confinuous line: 1, =152.5d, T=1.0y
Rl I oo b E bl A=(0.0110£0.0012) cpd/kg/keV
= oo B T ! e %’ P L ‘ - x?/dof =70.4/86 9.2c0C.L
& . . 3 ] - e,.' I o Y !,ﬂh ! ,. :"‘»ﬂ 5, 4‘ g,
z 002 YT L S | T Absence of modulation? No
S oo TR Y n N | x2/dof=154/87 P(A=0) = 1.3x10°
g o0 ! P L L
& SR L bbb b b b Fitwith allthe parameters free:
‘ 1000 2000 3000 4000 5000 =(0.0112£0.0012) cpd/kg/keV
Time (day) t,=(144%7)d - T=(0.998+0.002) y
& E_ gg‘;‘;lpl%l_sné?ldf v Comparison between single hit residual rate (red points) and multiple
= T2 Sadte =y hit residual rate (green points); Clear modulation in the single hit events;
43 2 2-6 keV No modulation in the residual rate of the multiple hit events
v 515 - C ! 1
Y % 002 | A=-(0.0005%0.0004) cpd/kg/keV | bt ey
~ L : - e
g & oot | —&—
< C i
z | 6-14keVl| | B o F o 1 o .;Fi_-r,_;;:
= fonf ¥ a8
oL L bl LU A el = - Multiple h:ts events =
" Frequency (@) éi -0.02 | | » Dark Maﬁer parhqzle “sw:fched off"
- - , 250 300 350 400 450 500 550 600 650
No systematics or side reaction able to Time (day)
account for the measured modulation This result offers an additional strong support for the presence of DM particles in the
amplitude and to satisfy all the galactic halo further excluding any side effect either from hardware or from software
peculiarities of the signature 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 .20 C.L.




Model Inde

DAMA/Nal + DAMA/LIB

gendent Annual Modulation Result

phasel Total exposure: 487526 kgxday = 1.33 tonxyr
EPJC 73(2013)2648, IJMPA28(2013)1330022

R(t)=S, +S, colelt -1, )]+ Z, sin[elt - 1, )]= S, + ¥, codlwle - )
R(t) = SO + Sm COS|_C()(t - ZLO )J 0.03 240 i i
hereT=2x/w=1 yr and t,= 152.5 day 20 contours 20 20 contours
% 005 AE = 0.5 keV bins _
é Z on 180
&D 0.025 - +’+‘+ é 6-14 keV ’?:’ 160 N 2-6 keV
% 0 H+++_L e e + —4 J>_-¢- +—6~6—+—6—_A_ _A_+'_¢_ En. 0 e_e w 140
=1 RRE R = 2.6 keV -
o N-0.01 120
=0.025 -

2 -0.02 100

-0.05 _I 11 11 | 11 1 | 111 | 111 | | | | - — I - I 11 1 | 11 | 80 !

0 4 6 8 10 12 14 16 18 20 —0'03'0.03 -0.02  -0.01 0 0.01 0.02 0.0 -0.04 -0.03 -0.02 -0.01 0.01 0.02 0.03 0.04
Energy (keV) S, (cPd/kg/keV) Y,, (cpd/kg/keV)

» No modulation above 6 keV Running conditions stable at a level better than 1%

* No modulation in the whole energy spectrum

* No modulation in the 2-6 keV multiple-hit
events

No systematics or side processes able to
quantitatively account for the measured modulation
amplifude and to simultaneously satisfy the many
peculiarities of the signature are available.

v Compatibility

with many low and high mass DM candidates, interaction types and
astrophysical scenarios, and in particular with recent positive model
dependent hints from direct or indirect searches >

ent exists whose result can be — at Ieos’r Ig! pnnC|pIe dir



DAMA/NaI & DAMA/LIBRA main upgrades and improvements

0.1

>: 0.08 +
< 006 F !
en o
< 004 F %
E— 0.02 f | PHASE2
2 —0.02 ;
S —004 F
= —006 F

Minimal upgrade in Fall T fax:

nimal tipgrade i Fa On 2003 DAMA/LIBRA has begun
-Ofirst operations (one TD channel for
July 2000 new DAQ and new electronic each PMT: two for each detector)
chain installed (MULTIPLEXER removed,
now one TD channel for each detector): Sept.-Oct. 2008 - DAMA/LIBRA upgrade:
(i) TD VXTI Tektronix; (ii) Digital Unix (i) one defector has been recovered by
DAQ system; (iii) GPIB-CAMAC. replacing a broken PMT
(ii) new optimization of some PMTs and HVs
performed
(iii) All TD replaced with new ones
gc;lli?ng?:?)fnr?lgxc?/ NalI (iv) new DAQ with optical read-out installed

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



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

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

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

o O particles in some scenarios
WIMP: SI ‘Not best fit
*About the same C.L.
2 0067 s 006 100-120 6
< 0045y 10 GeV 2004 -120 GeV
e+ i + Evans power law
£0.02- HLt NF.W. (1X17] S
8 0— %: R + I 11_A-l++4+ ++ %’ 0_ J_ g)-*‘ 'i/~r- + + 4
VE IIIIIIIlIIIIlI—?— +_h-H‘++-r|—?_|| 'f VE III|||I||l||lllxlrhlltlllxllllllllllll
2 0 2 4 6 8§ 10 12 14 16 18 ”( 2 0 2 4 6 8§ 10 12 14 16 18 20
Energy (keV) Energy (keV)
WIMP: ST & SD 60=2435
e 0.06; P seev | S 0.06 100 GeV
i 0.04 h % 0.04-

RARETIRSATRARKAN ITRNARRARR S haARRARRARRRARRTR A

TR BTN SR | L s
F 4 6 8 10 12 14 16 18 20

1
3 -om Evans power law
<002 % NFW. | g raty ) P
g 9 r bt +¢“_L++++++ £ ;—r + + o4
) i
v 2

» 0 2 4 o6 8 10 12 14 16 18 20
Energy (keV) Energy (keV)
LDM, bosonic DM
~ 0.06_ Cp O’Na o-I N 0.06 =
@ @
0.04 - a2, — A2 30.04—
N~ T
<002 L5 < 0.025s
Fq 3 E i
& 0 o + S + U SN e o -+—-$- + 8' 0 it
=~ |'|T -?-+1—f-+-?-—f-7'l‘?"ll‘ VE TR MRS BRI RIS BT B
8§ 10 12 14 16 18 20 2 12 14 16 18 20

Energy (keV) Energy (keV)

ompatibility with



*Contributions to the total neutron flux at LNGS; —2(a, = @ (1 + nrcosw (¢ — tx))
«Counting rate in DAMA/LIBRA for single-hit

events, in the (2 - 6) keV energy region induced by:

> heutfrons,

(See e.

—

Ry = Rox (14 mrcosw (t — tx))

|

g. also EPJC 56 (2008) 333, EPJC 72 (2012) 2064,

> muons, ITMPA 28 (2013) 1330022)
> solar neutrinos. EPIC74(2014)3196 E
Source y k th Rogx Ax = Ro e A [SET
(neuteons cm 2 5~!) (cpd/kg/leV) (cpd/kg/keV')
thermal o 108 < 10 [ ~0 <8x10° ] «8x10 || «7=x10°"
(10-2 - 10! &V) bowever < 0.1 2,7 §
SLOW
neutrons  epithermal n 2 = 10-% 15 ~0 <3 x10-3 oS @ 3x 104 < 0.03
(eV-keV) however < 0.1 [2, [0, Bl
Beon, (a,n) =+ o =00 =10 |7 =0 6= 10 7 ZoE SOx10° || 5=107
(1-10 MeV) however < 0.1 |2, 1, §
g — n from rock ~ 8 x107? 0.0120 2y end of June PAME | @ 7x10"  (wetextand o 9x107° || & 8x10°*
FAST (> 10MeV) (see text and ref. [12)) 2 @ &)
neutrons
 — n from Pb shield ~6x 1077 0.0129 Pz end of June A E | @ 1.4 x 10"  (metextand & 2x107° | & 1.6 x 1077
(> 10 MeV) (see footnote [@ footnote )
v—n ~ 3% 107" (see text) 0.03342 * Jan. dth * @ Tx10"° (see text) @ 2x107% || e 2x107*
(few MeV)
direct p & ~ W p m=2d-! [H) 0.0129 |2y end of June [2Z, 7] Bl ~10-7 2nE ~10-? ~10-7
direct v ®f) ~6x 10'° v cm—2s~! [ 0.03342 * Jan. dth * ~10-* 53] 3 x 10-7 3 x10-°
* The annual modulation of solar neutrino is due to the different Sun-Earth distance along the year; so the relative modulation amplit 15 twice the

eccentricity of the Earth orbit and the phase is given by the perihelion.

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

in the multiple hit events,..

. which were not o

case neutrons (of whatever origin) can mimic the DM annual modulation signature smce som
ents of 1'he signature would fail, such as the neutrons would induce e.




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

sidereal

2-4 keV

nf iﬂ I

epd /kg/keV

L L L L L L
15 20 H 10 15 20

o:oz LSK‘; o:o + e 2-5 kev
é..:Jl-le[J]r | H ||I|Jfﬂllﬂ+ éoo;Jr+ #.ﬁ%.ﬁ Jﬂ[ H
B an + + + J{ P H H + \ 0.03
- RS W A ] Energy region where oo
Soll:r'l'lm:fll) ” SSlderle:lTlmls(hl " The Gnnual modulcﬂ-lon 5 0.01
e S e observed. 2 .
éoo;-i-ﬁjlr +l+l+1|1ﬁl|++ 1 % on;+l+++++ﬁ+ Jrﬂ +. 4; 2-6 keV g o0
Tl WH T I FE Energy region just e

Solar Time (h)

10

15 20 y 5 10 15 20
Sidereal Time (h)

2-4 keV

-Experimental single-hit residuals
rate vs either sidereal and solar

time and vs energy.

above. —_—

|

Energy | Solar Time

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

6-14 keV

0.03

sidereal

0.02

it

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

et
C i

Solar Time (h)

| Sidereal Time |

2-4 keV

x?/d.of. = 35.2/24 - P = 7%

x%/d.of. =28.7/24 — P = 23%

2-5 keV

x%/d.o.f. = 35.5/24 — P = 6%

x%/d.of. =24.0/24 — P = 46%

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. = 25.5/24 — P = 38%

x?/d.of. =359/24 — P = 6%

—

20 0 5

..l.o....l.s.. ..2.0“.
Sidereal Time (h)

no diurnal variation with
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



Two other analyses on:

1) Investigation of Earth Shadow Effect with DAMA/LIBRA-phasel
2) DAMA annual modulation effect and Asymmetric mirror matter

have been concluded and papers finalized.

They will be mentioned elsewhere




DAMA/LIBRA-phase2 3-annual-cycles

P
Period Mass Exposure (0-B?)
(kg) (kgxday)

DAMA/LIBRA-ph2_1* Jan. 2011- Sept. 2011 2425 tb.a. - * Commissioning,
DAMA/LIBRA-ph2_2 Nov.2,2011 - Sept. 11,2012 2425 62017 (0519 Optimizationsand data

taking mainly focused about
DAMA/LIBRA-ph2_3 Oct. 8,2012 - Sept. 2, 2013 2425 60586 0534 | keV software energy

threshold (JINST 7 (2012)
DAMA/LIBRA-ph2_4 Sept. 3, 2013 - Sept. 1,2014 2425 77307 0.488 P03009). This period has: 1)

DAMALIBRAphase2_3-ac.  Nov.2,2011-Sept.1,2014 2425 200810 0512 DO data before/near Dec. 2,
(0.55 tonxyr) 2010; i1) data sets with some

set-up modifications. Not

DAMA/LIBRA-phase1 Sept. 9, 2003 - Sept. 8, 2010 379795 0.518 df di
(1.04 tonxyr) used for a.m. studies.
DAMA/Nal+DAMA/LIBRA-phase1+DAMA/LIBRA-phase2_3-a.c.: 1.88 tonxyr

More than a ton x yr experiment? done

e Calibrations 3 a.c.: = 5.89 x 107 events from sources

* acceptance window eff. 3 a.c.. =4.1 x 107 events (=1.6 x 10° events/keV)

v" Fall 2012: new preamplifiers installed + special trigger modules.
v Other new components in the electronic chain in development ... continuously running



Stability parameters of DAMA/LIBRA-phase?2

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 new running periods

DAMA/LIBRA- DAMA/LIBRA- DAMA/LIBRA-
ph2 2 ph2 3 ph2 4
é Temperature (°C) (0.0012 = 0.0051) -(0.0002 = 0.0049) (0.0017+ 0.0044)
=
N Flux N, (I/h) -(0.15 £ 0.18) -(0.02 £ 0.22) -(0.02+ 0.22)
Sl

Qy Pressure (mbar) (1.1 £0.9)x107 (0.02 £0.11) )x102 (0.9 £ 1.0)x1073

R Radon (Bg/m?) (0.015 = 0.034) -(0.002 = 0.050) -(0.009= 0.028)
Hardware rate above N 5 . 5 N 5

single ph.e. (Hz) -(0.12 = 0.16)x10 (0.00 £0.12) x10 (0.09 = 0.12) x10

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)



DM annual modulation signature

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

e X AE R T x (a-4)

g

increased
with DAMA/LIBRA-phase?2

increased
in DAMA/LIBRA-phase?2 \
increased

Yo in ia,MA/LIBRA-phasez

- 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



un de r some given sgt Qf astrophysical, nuclear and partlcle_ghysms assumptlons

= %MN NM LIBRA-ph1 Not best fit cases, same C.L.,

s ST * DAMA/LIBRA-ph2 (2yr) see table above for cross sections
i 0.04 h : | + DAMA/LIBRA-ph2 (@) and other assumptions in theor.

s 0.02 ; “WIMP": S| + SD expectations (i.e. labels).

e N.F.W.. 15 GeV

= 0 — ediscrimination among w/wo channeling

» 0 1 2 3 4 5 6 7 8 ediscrimination among WIMP's masses
Energy (keV) *discrimination among DM models

here q.f. vs E assumed constant

~ 0.06
% b | DAMA/LIBRA-ph2 (2yr)
(a) Assuming MT= 464000 kg day < 0.04 + DAMA/LIBRA-ph2 (a)
| T 0.02 - x
(5. ) = I (R) i
N T AE £ -(a-fY) 2 0
s 0
Energy (keV)
0006 D Y “ "~ g
A n | DAMA/LIBRA-ph2 (2yr) b) 10 GeVich
< 0.04 + DAMA/LIBRA-ph2 (5 g
< 0.02
) ! | 4 LDM
g 0 0 ------ o e -

Energy (keV)



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 —\

PRL112(2014)011301

Dec 1 Dec 1 [

Janl“ BLETI I I s S LT

Feb 1 - Feb 1 F777=~~__

March 1

April 1

May 1

June 1 -

Vmin (km/s) Emin (KeViy)



Starting studies towards an interesting phase-3 ...

The strong interest in the low energy range suggest the possibility of a new development of
high Q.E. PMTs with increased radiopurity to directly couple them to'the DAMA/LIBRA

crystals, removing the special quartz light guides which act also as otical window obtaining an
ultimate number of ph.e./keV.

....and multi-purpose full sensitive mass DAMA/1ton

1) Proposed since 1996 (DAMA/Nal and DAMA/LIBRA intermediate Al ~
steps) b
2) Technology largely at hand and still room for further
improvements in the low-background characteristics of the set-
up (NaI(TIl) crystals, PMTs, shields, etc.)
3) 1 ton detector: the cheapest, the highest duty cycle, the clear
signature; fast realization in few years, full sensitive mass, ...

Design: DAMA/1 ton can be realized by adding 3 replicas of DAMA/LIBRA:

the detectors of similar size than those already used

the features of low-radioactivity of the set-up and of all the used

materials. would be assured by many years of experience in the
field

electronic chain and controls would profit by the previous

experience and by the use of compact devices already
developped, tested and used.

EICICICT)
IT. J[ 66T

p/o/g

new digitizers will offer high expandibility and high
performances

the daq can be a replica of that of DAMA/LIBRA
e SomeR&Ds carried-out




DAMA/R&D i““*”i

General purpose set-up

Hermetic
Copper box

™

Upgr'aded !
several
times
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DAMA/R&D - in this period:

1) The experiment with CdWO, crystal scintillators enriched at 82% in 1'°Cd in progress.

2) A paper on the production strategies and on features reached by enriched CdWO, in Cd
isotopes and on some future perspective has been presented at conference and published.
Future strategies to develop radiopurer scintillators are in progress.

3) Further study of the highly forbidden !!3mCd beta decay prepared.

4)Results obtained with a BaF, scinftillator to search for the pff decay of Ba isotopes and on
precision measurement of the T,,, of some radionuclide of the U and Th families
published.

5) The work towards the future installation of CdWO, detectors in the low-background
GeMulti set-up started.

6) Investigation of radioactive elements segregation in crystals to develop ultra-radio-pure
scintillators for rare events searches in progress.

7) The paper on the search for super-heavy eka-tungsten with ZnWO, and BGO crystal
scintillators in press.

8)At the end of the 1*CdWO, measurements, new measurements are foreseen. Among them:
developments on new SrI,(Eu) crystals, on new enriched CdWO, depleted in 113Cd, on highly
radio-pure ZnWO,...



Last upgrade:

The number of PMTs (the most contaminated part of the set-up) was reduced twice
practically without lost of the energy resolution (~5% at the Q,, of 1'°Cd)

16CdwWO, HP quartz
light:guide

Borexino liquid scintillator in

Teflon container
\




AURORA: Investigation of double 3 decay of *°Cd

Experiment is going with two radiopure high quality 1!*CdWO, (1.176 kg) enriched in 1¢Cd to 82%.
After a few improvement of the set-up the FWHM (at Q,, of 1**Cd) = 5.2%, background in the ROI
~ 0.1 cnt/(keV yr kg) (we have 17656 h of data with the background level).

] ; ' — 2v2[3 v
0 b 1K, _,1_4.6_1 __________________________________ 23

] 2v2[3 l = internal

—_ 1nternal S

Counts / 20 keV

o
w

HP quartz light-guide 40 cm | PMT

§ | 'IOiOOY - I2000I T a0
Radiopure liquid scintillator

Energy (keV)
Energy spectrum accumulated over 8397 h after the last
upgrade of the detector. The two neutrino decay of 1eCd
with the half-life =2.6x10'° y dominates in the background

Our goals are to measure the Tlfgzﬂ with high (10-20%) accuracy and set new limits on

different channels. Modes with majorons, transitions to the excited levels will be improved
too. The experiment is in progress.

Preliminary results on EPJ Web of Conf 65 (2014) 01005



Decmslngbad(groundxln 0v25 reglon of n"Cd

Do

Start of DaQ-1 11GCdWO4 No.1 —— Start of DaQ-1 115CdW04 No.2

Start of DaQ-3

“*Th, uBg/kg
“Th, uBg/kg

Start of DaQ-3

—— ¢

v

t

Start of DaQ-4
Start of DaQ-4

Activity of
— <
Activity of

6(16) yr

100 200 00 00 SO0 o0 ( 100 w0 00 400 SO0

T'ime of data taking, d Time of data taking,
R A T R R 2 NP O L A AR W I S,

« Internal background decreases in time (e.g. in -2 for 22E‘Th and in =3 for 110"‘Ag)

d

v Adding of quartz light guide or made
from PbWO, scintillator

How to decrease BG in the 0v2p
region of 116Cd?

v" Internal BG decreases in time
228Th in #2 and 1mAg in %3

v Removing of one LowBg PMT +
replacing by ULB PMT

PMT Activity, mBg/PMT
Hamamatsu | 228Rg 226Rg
R6233MOD | 18(3) 65(9)

R11065SEL

2.3 3.3

5ossibili y 10 Improve radiopurity by

recrystallization

v' Recrystallization of 'CdWO, to remove

Th/U thanks to observed low segregation

Poda et al., Radiat. Meas., DOI 10. 10161] radmeas.2013.02.017

27(11)

We expect to reduce K, Th, U and Ra contamination by

recrystallization
17

LRT 2013 LNGS. Italv



Investigation of rare nuclear decays with BaF, crystal scintillator
contaminated by radium

BaF, crystal (& 3"x3", 1.714 kg)
DAMA/R&D set-up
T=101h

16Sample/s Transient Digitizer records

the signal profile over 4000 ns

EPJ A 50 (2014) 134
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. . #2Th  *2Th < 0.004
Radium not removed during 25y 1.35(6)
material preparation and crystal
growth because of the chemical | **v  **v <0000
. . . . . 226
similarity of barium and radium Ra  73(1)
i ey 210py  .99(1)
= broken secular equilibrium
¥y o WU <0.0006
#lpa < 0.0007

< 0.07




Investigation of rare nuclear decays with BaF, crystal scintillator

contaminated by radium
EPJ A 50 (2014) 134

> Analysis of Bi-Po events:

. B7~4.8x10°y oo 314.2 mi ‘ 38.0's
O Half-life of 212Po; 22Rn Y, 220p, A2, 930p, 93808,
24 keV 2028 keV 6679 keV
212 ‘ 35 ms 164.3 s o A
O Search for 2p decay of 22Pb 218Ry, 235ms 214p, 164348 210pp 99 3,
7263 keV 7833keV  O°
» Search for B and 2f decay of 222Rn;
226 237 226 a 30.5Tmin 9299 a38.0s
226D - s Ra 2y, 20 T etsikev | S8 Ra 6679 keV
» Search for 2p decay of 22°Ra;< e eia
218 n a 35 ms ‘%14P0 @ 164.3 us g})opb(‘)‘) 3 V)
86 7263 keV o 7833kev oo~ )
Nuclide Main channel of T} /2 (and branching ratio, B)
decay and Tj,9 [24] This work Other works v NeW deTel"minGTion Of
the half-life of 2!2Po
212pg a 299+ 2ns 208.8 + 0.8(stat.) + 1.4(syst.) 204.7 + 0.6(stat.) + 0.8(syst.) . o
900 - 9 v" First limit on the B.R.
‘ o 222 -
22pL, 4 10.64h 2620 > 75h (B < 14%) > 146h of 22°Rn relatively to f
2680v > 20y (B<6.0x107%%) >6.7y deCGY
22R 3.8235d B>80y B < 0.13% .
v ’ von “80 EB . 137; 0d v Improved half-life
262v > 8.0y < 0.139 > 40c¢ . .
o o limits of 212Pb, 222Rn
260v > 8.0y (B < 0.13%) > 2.8y d 226R latively T
226Ra a 1600y 232v >1.2x10°y (B < 0.13%) >45x%x10%y an a relatively To
2800 >1.2x 10°y (B < 0.13%) >4.1x 10y 2 decays

v" Future improvements with a detector with smaller dead time and better energy resolution

v An R&D of methods to purify Ba from Ra traces is in progress for the search for p§ decay
of 13°Ba and 132 Ba which is of particular interest because of positive indications from 2
geochem. expts on BB decay of 130 Ba



Search for long-lived superheavy eka-tungsten
with radiopure ZnWO, crystal scintillator

Eka means "first" in Sanskrit. Used by Mendeleev as a prefix for yet-to-be- arXiv:15.04.07438
discovered elementst he predicted would "fit" into specific blank spaces in T i )
the next lowest position of the same groups in his periodic table. In press on Physica Scripta
E.G. : he knew that the unknown element for the blank space following Ca 10 —
would be closely related to B, so he gave it the name of “"eka-boron” until 2 §100_ Yjﬁ
that unknown element, scandium, was definitely identified and named. = . < o
< ' 2 501 J
v’ Possible existence of superheavy elements (SHE) with atomic masses é 5 /\A
A>250 and atomic numbers Z>104 was already discussed in 1950's. o 6 BO T g
L . . . o Shape indicator (a.u.)
v In 1960's, prediction of neutron-rich “island of stability” around the t% —

double magic Z = 114 or 126, N = 184,

v Recent calculations related to different models predict N = 184 as the
magic number of neutrons and Z = 114, 120 or 126 as the proton magic

number for spherical nuclei. 2
Data collected with a radio-pure ZnWO, crystal scintillator (699 g) during 1000 2000 3000 4000
2130 h were used to set a limit on possible concentration of superheavy Energy in y scale (keV)

eka-W (seaborgium Sg, Z = 106) in the crystal.

] ] Considering that one of the daughters in a chain of decays of the initial Sg
Energy spectrum of o particles registered by} cleus decays with emission of high energy a particle (Q, > 8 MeV)
the 699 g ZnWQ, detector during 2130 h.
E U/Th
= 102 &ol analyzing the high energy part of the measured o spectrum
~ ] 00%%
= IS
é . o°: % A N (Sg)/N (W) < 5.5 x 10~ "* atoms/atom at 90% C.L. (for Sg half-life of 10° yr).
10 - °
1 ‘oo Studying eka-Bi in a large BGO scintillation bolometer in an experiment performed
%o by another group [L. Cardani et al., JINST 7 (2012) P10022]:
°® e N(eka-Bi)/N(Bi) < 1.1 x 103 atoms/atom with 90% C.L.
1 @o °o® o ® o
s 6 8 10 1 14 Both the limits are comparable with those obtained in recent experiments

Energy (MeV) which instead look for spontaneous fission of superheavy elements or use
the accelerator mass spectrometry.




DAMA/CRYS

In the period of interest: - }

1)
2)
3)
4)

5

At beginning of 2015 the measurement of a ZnWO, crystal produced by re-
crystallization of the already tested ZnWO, crystal (aiming to estimate possible
reduction in the trace contaminants) concluded.

The mechanical opening/closure system improved.

The cryogenic part (to allow measurements of the.responses of variours
scintillators as function of temperature) will be soon installed.

A new data taking with CdWO, crystal scintillator in progr'ess aiming the
investigation of the decay schema of 3mCd,

e

’Inves‘rlga’rlon of r'adloac’rlve elemen’rs segr'ega’rlon in cr'ys'rals to develop ultra-

A ‘,‘-fr'adlo -pure scintillators for rare events experiments is continuing.
'_A new exper‘lmen’r to further increase the sensitivity to 2p processes in '%°Cd in
progress. The enriched 196CdWO, detector will work in coincidence with two




Investigation of 13mCd decay scheme

Experiments to study beta decay of 13"Cd with the help of the 1°°CdWO,
crystal scintillator (activity of 13mCd is =20 Bq) half-life and beta spectrum
shape) started in DAMA/Crys

106€dWO, crystal scintillator inside plastic
light-guide filled by silicon oil viewed by
two PMT through quartz guides in the
DAMA/CRYS shield

The goals of the experiment are
measurements:

* the !13mCd half-life

 the beta spectra shape of !i3mCd
By product: the background in the
set-up will be estimated (for the
future 196Cd experiment)

Experiments to study the branching ratio for the isomeric transition and
coefficient of conversion are in preparation



A new measurement with 9°CdWQ, is in preparation
The Monte Carlo simulation has showed that the sensitivity is expected
to be improved a few times due to the much higher detection efficiency

of CdWO, and close geometry and a lower radioactive contamination of
the detector and shield (DAMA/Crys)

CdWO, H/deo4 — /7\
o o (]

106CdWO,

In particular, the sensitivity for the two neutrino electron capture with
positron emission is on the level of 7,,” ~  1.5x102! yr over 1 yr of

experiment (theoretical predictions: 10%°-102%2 yr)



DAMA/Ge and LNGS STELLA facility

/ _511keVy

r"/----\\

511 keV y. ‘E__:’° _»’__,
POWO, ( \
(archeological lead) ——

HPGe 225 cm’

%CIWO, \ l’ Y /
N |




DAMA/Ge and Ge facility at LNGS — in the period of interest

Vi)

The data taking of the experiment to search for 23 processes in '°°Cd by using cadmium tungstate crystal
scintillator enriched in 19Cd in coincidence with the four HPGe crystals of the GeMulti detector at the STELLA
facility has been concluded on February 2015. The data analysis and the paper are in progress.

The deeply purified neodymium oxide samples with a total mass of about 2.381 kg have been installed in the
low background GeMulti detector (four HPGe crystals in a cryostat) on February 2015 in order to search for
2p decay of "°°Nd to excited levels of 159Sm. The data taking is started.

The search for 28 decay of '841920Os (184Os is of especial interest thanks to possibility of resonant neutrinoless
double electron capture) and alpha decay of 8Os to excited levels of daughter nuclei is waiting for the final
setting of the new HPGe detector in STELLA facility, especially designed for low energy gamma-ray

spectrometry.

Search for B decay of '36Ce and "38Ce with a deeply purified sample of Ce oxide (732 g) measured for 1900
h with HPGe detector published.

Further purification of the cerium sample (used in previous measurements) from thorium contamination to
increase the experimental sensitivity is in preparation towards higher sensitivities.

The R&D of low background GSO(Ce) crystal scintillators to investigate ff processes in 92Gd and %°Gd is
continuing.

vii) The R&D of methods to purify samarium, ytterbium, dysprosium and erbium is in progress. The materials are

of special interest taking into account recent theoretical estimates of neutrino-less resonant double electron
capture processes in “4Sm, '62Er, 164Er and '%8Yb. Deep purification of the samples (by using the liquid-liquid
purification method) will allow the improvement of the experimental sensitivity. Then experiments to search for
“double positron” decay processes in 44Sm, 196Dy, 162Er, 164Er, 168Yh and for 23- decay to excited levels of
daughter nuclei for 1%4Sm, 170Er and 76Yb will be performed.

viii) Preparations of other future measurements are in progress.



Search for double 3 processes in %°Cd

Experiment is finished 05 Feb 2015
Total statistics is 13085 h =1.49 yr

o .
-
%10 g
PbWO, \ g
(archaeological HPGe 225 cm3 5
lead) 1 4
PMT §
106 ]
CdWO, 4] B ; ~ 0v2e2718
N 0¥ rud
b 5 Ve
, 0 500 1000 1500 2000 2500
Scheme of the experimental set-up

Energy (keV)

The energy spectrum of the °CdWO, detector accumulated over 13085 h in coincidence with 511
keV annihilation y quanta in the HPGe detectors (circles). The model of background is shown by
solid line. The Monte Carlo simulated distributions of the 2vef* and 2v23* decays, and the Ov2e
transition of 1%Cd to the 2718 keV excited level of 1°°Pd excluded at 90% C.L. are shown.

Data analysis and paper preparation are in progress



. ° o EPJ Web of Conf. 65 (2014) 01004
F"'s* prehm'nary resul*s (DOI: 10.1051/epjconf/20146501004)

Spectrum of 196CdWO, (3189 h) in . .
coincidence with HPGe detectors: Slmulatlo_n of ZB
- HPGe > 50 keV processes in 1%Cd:
- HPGe = 511 keV + 3o
> — - Anticoincidence %%CdW0O, + HPGe
s 15 E10°) - Coincidence 1%6CdWOQ, + HPGe 511 keV
2 S o i
§ 10 2~E' % 10 .'%".',
~ ; N -—1{|"’ To compare | Zio° 2v2e, 1134 | 510 2vep”
0 100 200 300 400 with MC S S :
by L Chamelofdigiizer || 0w pectations | 20 PR |
' ' o ' © 0 1000 2000 3000 © 0 1000 2000 3000
o T Energy (keV) Energy (keV)
P “” ---------- > 105 * > 105 ¥
0 1000 2000 3000 4000 £ 10 2vef’, 1134 © 107 Ovep
Energy (keV) 8 8 E
~10° ~10%
Decay | Decay | Level 11/ limit (yr) at 90% C.L. £ ._ £ 1 :
channel | mode | of '%Pd | Present work ['ﬁvs.t previous S 0 1000 2000 3000 S 0 1000 2000 3000
(keV) limits Energy (keV) Energy (keV)
2 v 07 1134 [ >22x 10® | > 1.7x 10 [7] | 2105 2v28* [ %103 ov2p*
- : 0 - 102L 7 =< ] -
[ Tes 236101 >10x107 [7 | g 4 SN 2,03
B 2 g.s. > 6.8 x 100 '>41x 107 [25] | 1074 .4 £10%
2v 0f 1134 [>88 =107 [ >37x107[7] | § 1 : S 1
. D ¢ 2 < T T T T T —
Ov | gs. >88x 107 [>22x 107 [7] | O ¢ 000 2000 3000 0 1000 2000 3000
28+ 2 o.s. > 1.2% 107 | >48% 107 [7] Energy (keV) Energy (keV)
0 T, > 1.5 x 10° =125 10" [T

[7] P. Belli et al., PRC 85 (2012) 044610
[25] P. Belli et al., APP 10 (1999) 115




Search for double beta decay of 13¢Ce and 38Ce

10 25

Counts/(h x keV)
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1
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1046 h

] Ce0,1900 h
1 ?1%Pb, 238.6
] \
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208,
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Radioactive contamination of cerium oxide before and

after purification using liquid-liquid extraction method.

Chain Nuclide

Activity (mBq/kg)

CeO, powder

CeClj crystal

CeF; crystal

before after by HPGe Scint. mode [23]
purification purification [24] [25]
K 77(28) <9 < 1700 - <330
137Cs <3 <2 <58 - -
138Ta - <0.7 680 £50 862+ 31 <60
$9Ce - (6+1) - - -
152Ey - <05 <130 - -
1Ry - <09 <60 - -
16T - <05 <50 - <20
22Th 2%Ra <210 - 890 £ 270
228Th I 620 £ 30 573 £ 17 I <203 <0.16 1010 £+ 10
2By WU 38+10 <18 - - <40
Wp, <24 - - <50
WA <3 <740 28442 <20
28y Wy < 870 <40 - - <170
2%Ra 11+3 <15 700£70 <11 <60

NPA930(2014)195

*Deeply purified CeO, sample (732 g)
*Measured in HPGe (STELLA facility at LNGS)

*T=1900 h
Transition Energy release, Isotopic Allowed decay
keV abundance, % [20] channels
36Ce — B6Ba  2378.53(27) [17] 0.185(2) 2¢, eBT, 28T
2378.49(35) [18]
1%8Ce — 3Ba 693(10) [19] 0.251(2) 2
192Ce — M2Nd  1417.2(21) [19]  11.114(51) 26~
-
300
E - *7Bi, 7854 Example of the \
g 285 7049 search for BB decay
S l signals: the peak at
200 287, 835.7 818.5 keV is
28, expected as a result
ef",2¢, Ce > Ba’ | 8404 of de-excitation of
818.5 l excited levels of
100 ’_J | 136Ba due to 2 € or
€ B* decay of 136Ce.
An excluded peak
with area 53 counts
0 200 o0 0 is shown by solid

Energy (keV)

line.

ved half-life limits on B processes in 13°Ce and 138Ce at level of T;,, ~ 107 - 108 yr;
ers of magnitude larger than the best previous resulTs ’

etical predictions: T;,, ~ 108 -




ation of Ce, Nd and 6d for low bckg experiments
Details in RPSCINT2013

ere are 17 potentially 2 active isotopes among the lanthanide elements
(136138,142Ce 146,148 150Nd, 144.1545m 1521606, 156 158y, 162,164170F 168,176y )

v The most interesting are 1°°Nd and °Gd (promising for 0v2f), 136Ce (one of the highest
Q, for 23%), 156Dy and ®4Er (resonant Ov2g)

However, even high purity grade commercial lanthanide compounds contain
238, 226Rq and 232228Th typically on the level of ~ (0.1 - 1) Bq/kg

— Separatory funnel Liquid-liquid extraction technique was used to
<~ Organic Phase &8 purify CeO;, Nd,0; and 6d,0; from Th and U
(Extractant)
U‘\ Aqueous Phase Radioactive contamination of Ce, 6d and Nd

oxides before and after the purification (mBq/kg)

Radioactive contamination tested by Ll—= 2l o0 = e2d =l
using HPGe gamma spectrometry at 850 — 70 106 — <12 <2.1—<2.6
the STELLA facility of the LNGS

620 =620 79 —=<4 <13 —=«<1

* An experiment to search for 28 of °°Nd to excited levels of 150Sm is in preparation

« An R&D of radiopure GSO crystal scintillators to search for 2f3 decay of °26d and
160Gd is in progress

- Etc.



Study of double 3 decay of 1°°Nd to the
excited states of 1°9Sm

o+ 8><1018y (1') 2.68 h

150Pm

Q, = 3368
0" 740.5
2"y 334.0
0" v
1505 m - Adeeply purified Nd,O, source (2.381
Existing experiments: kg) was installed in GeMulti (4 HPGe
T,p = [1.33%036 _ ,,(stat)*027 _, ,,(syst)] x 1020 yr [1] ~220 cm3 each) on 10 Feb 2015

Tip = [1.077995 g o5(stat)=0.07 (syst)] x 102 yr  [2] « the experiment is in progress
We are going to analyze both sum and coincidence data

[1] PRC 79 (2009) 045501]
2] [arXiv:1411.3755v1]



23 and a decay of Os to excited levels

AN )/

The Os sample as it should be installed
on the BEGe detector

Thin ultra-radiopure osmium sample 118.1 g

The detection efficiency should be advanced a few times due to the lover thickness of osmium
(0.7-0.9 mm, instead of J5-7 mm roads) and application of the new broad energy HPGe detector

The experiment will be started as far as the detector is shielded and commissioned. We
aim to detect a decay of 8%Os to the 15t excited level of 18*W. The theoretical estimations

are in the interval 1.2 x10%°- 2.6x10%° yr, while the experimental sensitivity is expected to
be on the level of 1-5 x10% yr.

The sensitivity to the double beta processes in 8*0s and 8°0s will be improved too. It is
worth to mention that 1840s is one of the most interesting nuclei taking into account
possible resonant neutrinoless double electron capture in 18%0Os to the excited 1322.2 keV.



Development of detectors with anisotropic response
Eur. Phys. J. C 73 (2013) 2276

Anisotropic detectors are of great interest for many applicative fields, e.g.:
= they can offer a unique way to study directionality for Dark Matter candidates that
induce nuclear recoils

Taking into account:
- the correlation between the direction of the nuclear

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

The detector response is expected to vary as a function of the sidereal time

Two strategies
m > 3D detectors multi-

Development of ZnWO, Development of Carbon Nano wire chamber-like
scintillators Tubes (CNT) detectors with nanotechnology

v' Both light output and pulse
shape have anisotropic behavior
and can provide two independent
ways to study directionality

> Spin-off and patents

The detection principle is based on > Possible other
variation of the fransport properties applications:

due to the particle irradiation -Particle Physics:

The intrinsic 1-D nature of CNTs =Health Physics;
makes them very promising for the =etfc..
study of directionality

v' Very high reachable radio-
purity:
v Threshold at keV feasible;




her than the crowd. The
s alone, is likely to find
slaces no one has ever been.”




