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WHAT WE KNOW about

NON-BARYONIC

* height of acoustic peaksin the CMB
« power spectrum of density fluctuations
primordial Nucleosynthesis

COLD (non-relativistic)

« structure formation of the Universe

STABLE INTERACTION via GRAVITY
. sfill observable today Qﬂd prObCIb|y on The
weak scale

16.10.17 IFT seminar - K. Schaffner 2



DIRECT DARK MATTER INTERACTION

Assumption
Particle-like dark matter which interacts Dark Matter
with Standard Model particles @

Most common
Dark matter particles scatters off the

nucleus and induce nuclear recoils ‘

16.10.17 IFT seminar - K. Schaffner




DARK MATTER RATE

DM velocity

AN

_ Migrger Py

Total rate R = v - 0(v)
number of local DM DM-nucleon
target nuclei flux cross-section

16.10.17 IFT seminar - K. Schaffner



DARK MATTER RATE

Total rate:

Differential
rate: IR

~ Migrger Py

dE,

16.10.17

-V - 0(V)

galactic velocity DM-nucleon

escape velocity  gisiribution  cross-section
VUesc

; da(v E.)

d3v f (V) v
‘r

Vmin

~ A2
~ form factor

minimal velocity to
produce a recoil
above threshold

IFT seminar - K. Schaffner



SPECIFIC SIGNATURE

rate and shape of recoil spectrum depend on target material

§ 106;;
= — 10 GeV/c?
2 — 100 GeV/c? . very small energy deposits
g — 1000 GeV/c?
A - extremely rare interaction rate
>
104:
FLAT, FEATURELESS SPECTRUM
a0 s e

Energy ER (keV)

16.10.17 IFT seminar - K. Schaffner



MODULATION

AND

motion of the Earth causes
relative modulation of velocity

galactic plane

---------------------------------------------------------------

- annual variation in the rate

Period: 1 year
Phase: cosine peaking June 2nd

16.10.17 IFT seminar - K. Schaffner



MODULATION

rate and shape of recoil spectrum depend on target material

AND

motion of the Earth causes
relative modulation of velocity

WIMP wind

'

galactic plane

- annual variation in the rate

AL

modulation signal detection
a smoking gun evidence ?1?

16.10.17 IFT seminar - K. Schaffner 8




EXPERIMENTAL CHALLENGE

DARK MATTER SIGNAL

* energy deposits few keV - tens of keV
« few events per ton per year

« modulation detection

16.10.17 IFT seminar - K. Schaffner



EXPERIMENTAL CHALLENGE

DARK MATTER SIGNAL
* energy deposits few keV - tens of keV
« few events per ton per year

« modulation detection

BACKGROUND

« depends on experimental setup
BACKGROUND « is typically millions of fimes higher than signal

* s constant in time (or at least not modulating as DM)

16.10.17 IFT seminar - K. Schaffner
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WORLDWIDE EFFORT

South Pole

16.10.17 IFT seminar - K. Schaffner

N
N

-

oy

»

2
t'?“'

;.‘,
¥

11



DIRECT

DETECTION CHANNELS

16.10.17

lonization

~1-5%

fast signal . ~100 %

slow signal
scintillation

IFT seminar - K. Schaffner
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SINGLE CHANNEL DETECTION

not complete list!

Semiconductors: Superheated liquids:
« CoGent (HPGe) Simple, PICO O@
« CDEX (Ge)

 DAMIC(S)

~1-5%

fast signal ‘ ~100 %

Inorganic scintillators: slow signal

DAMA/LIBRA, COSINE,
KIMS, DM-Ice Scintillation

Single-phase liquid nobles:
DEAP, MiniCLEAN, XMASS

16.10.17 IFT seminar - K. Schaffner 13



DUAL CHANNEL DETECTION not complete st

lonization

Semiconducting
calorimeters:
(Super)CDMS (Ge, Si)
Edelweiss lll (Ge)

2-phase noble liquids:
XENON 11, LUX/LZ, Panda-X (Xe)
Darkside-50 (Ar)

~1-5%

fast signal ’ ~100 %

slow signal
Scintillation
Scintillating

calorimeters
CRESST-lII (CaWwOy)

16.10.17 IFT seminar - K. Schaffner 14




SAME SAME, BUT DIFFERENT

SINGLE CHANNEL DUAL CHANNEL

DISCRIMINATION
VS. nuclear recoil events
BACKGROUND BACKGROUND .I.O ﬁ/Y-evenTS

16.10.17 IFT seminar - K. Schaffner 15



SAME SAME, BUT DIFFERENT

SINGLE CHANNEL DUAL CHANNEL

DISCRIMINATION

VS. nuclear recoil events

BACKGROUND BACKGROUND to ﬁ/Y'evenTS

COUNTING EXPERIMENT

comparison of

result requires

model assumption

lonisation yield

16.10.17 IFT seminar - K. Schaffner 16



SAME SAME, BUT

_d

16.10.17

lonisation yield

DIFFERENT

DUAL CHANNEL

BACKGROUND

IFT seminar - K. Schaffner

DISCRIMINATION

nuclear recoil events

to B/y-events

comparison of
result requires

model assumption

17



DAMA/LIBRA experiment

MATERIAL 250 kg Nal(Tl)
SIGNAL(s) Light (PMTs)
LOCATION LNGS/Italy

B/Y-DISCRIMINATION

ENERGY THRESHOLD 2keVee
DATA TAKING since 1996

EVIDENCE

BACKGROUND .
|

NOILVINAOW




TIME DISTRIBUTION

DAMA/LIBRA

Eur.Phys.J. C 56 333 (2008), arXiv:0804.2741

2-6 keV
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>930
>13
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ignificance

Statistical s

Annual cycles
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DAMA/LIBRA: ENERGY SPECTRUM

R. Bernabei et al., EPJ C 56 (2008) 333-355.

10 NoI Plot from: Bernabei et al. EPJ (2013) 73:2648
F oise
; 8 ;*region single-hit
% [ scintillation events
6 -
26r, e ) (v ke don DAMA/LIBRA
g 4F BACKGROUND
(<5} L
g2c |\ ...
0 [ 1 i L 1 1 l -lo -l- -l- T -l- -l- ‘l- -l- -l- -l’ -l 40 K < 20 ppb
2 4 6 8 10
% e , 238 <0.7-10 ppt
g 0.025— =« +++M
= 0 i - ¢+++++++_¢_ e ++++++4H»+++++“H“ 232 Th <0.5-7.5 ppT
= =
o 0023 210Po < 0.5 mBg/kg
-0.05 :_l 1 L 1 1 1 I 1 1 1 L L 1 l 1 1 L l 1 I L l 1 1 1 l 1 1 L l 1 1 1 I 1 1 1

0 2 4 6 8 10 12 14 16 18 20
Energy (keV)
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DAMA/LIBRA: ENERGY CROSS-CHECK

Residuals (cpd/kg/keV)

-0.02

-0.04 -

16.10.17

2-6 keV

&

=

-
T

S

=

3%
T

<

Time (day)

-0.02

-0.04 -

IFT seminar - K. Schaffner

Plot from: Bernabei et al. EPJ (2013) 73:2648

=

6-14 keV
§ .—§—a
TR0 400500600

Time (day)

21



DAMA/LIBRA: SINGLE vs. MULTI HIT EVENT

Plot from: Bernabei et al. EPJ (2013) 73:2648

*Single hit = incl. DM Y Mulfiple hit = Background

2-6 keV
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THE SMOKING GUN EVIDENCE?

Statistics: > 90

Period: 0.998 + 0.002 years

Phase: 24" May +/- 7 days
(cosine peaking June 2n9)

Convincing non-DM explanation X

16.10.17 IFT seminar - K. Schaffner 23



16.10.17

Dark Matter Particle-Nucleon Cross Section (pb)

I | LN I | | | | 1 1 | I |
LIS e e W S pry ey P ] . CRESST-I 2016 - CDEX 2014 é_
: ‘ P . | == . CDMSlite 2015 CDMS-Si 2013 =
o L B R M R B e B B B B SuperCDMS 2014 I CoGeNT 2013 rod]
10 w DAMIC2016  seeeees EDELWEISS-I 2016 | =
DarkSide-50 2015 LUX 2016 combined =
0 0 Tl o R, : (O 1 S e o e e PandaX-Il 2016 XENON1t 2017 (tbp)  |—==]
XENON100 Low-Mass 2016 PICO-60 2016 (tbp) =
3 DAMA/LIBRA =
0 B — o i 8 B R e N T T G ; —=
1o =
96°° =
1 0-6 AU LTI L s S g o ——é
1 0—8 L B S T B --—é
10°° S, TR TRRURNY. WTR I - __;_,
10710 B S el
Coherent Neutrino Scattering on Nal I 0 & g :Ipn =

1 0—-11 Lol 1 1 1 1 R | i i i i i l

0.5 1 2 3 4 5678910 20 30 40 100 200

DARK MATTER LANDSCAPE

Dark Matter Particle Mass (GeV/c?)

IFT seminar - K. Schaffner
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WHAT ARE THE UNKNOWNS®?

galactic DM-nucleon
escape velocity velocity cross-section
distribution
Vesc N
= - d>v f(v)v
dEr mNmX dET'
Umin

minimal velocity to
produce a recoil
above threshold

Astro physics
dark matter halo
velocity distribution

Particle physics
interaction mechanism

We have a dependence on the target material

- cross-check DAMA/LIBRA signal with a Nal-based detector

16.10.17 IFT seminar - K. Schaffner
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Nal EXPERIMENTS

MODULATION

BACKGROUND

16.10.17

DAMA/LIBRA
DM-Ice
KIMS-Nal
COSINE
ANAIS-112
SABRE
PICO-LON

IFT seminar - K. Schaffner

* large mass
* |low background
* no B/y-discrimination

27



Nal EXPERIMENTS

MODULATION

BACKGROUND

COSINUS

MODULATION

BACKGROUND

16.10.17 IFT seminar - K. Schaffner

« [B/y-discrimination

« lower threshold, in particular
for nuclear recoils

28



ANAIS-T112 experiment

2 NOILYINAOW

MATERIAL 112 kg Nal(Tl)

SIGNAL(s) Light (PMTs)
Toley.V1[0]) Canfranc/Spain
B/y-DISCRIMINATION no
ENERGY THRESHOLD ~ 0.9 keVee
DATA TAKING since 2017
EVIDENCE NO




ANAIS-112: LIGHT COLLECTION

M.A. Olivan et al, Astropart. Phys. 93 (2017) 86

—~ 22e=[ —e— ANAIS:25 PMT R12669 , f . . .

D 2of| —e— AvAs2sPMTArioes e h | g h | | g hT C Ol | eC h on

—_— J ~—@—previous ANAIS prototypes .

% 18 prev ANAIS prototypes + light guide e I n O | | m Od U | eS —~ ] 5 p o e ./kev
< | CAMAIBRA et

o ‘ '

- good energy resolution
- low threshold: <1keVee

7o) ciirad T R G MRS (PR I R |

0 20 40 60 80 100 120
Energy (keV)

M. Martinez, IBS-MultiDark-IPPP Workshop, 11/2016

16.10.17 IFT seminar - K. Schaffner 30



ANAIS-112: ENERGY THRESHOLD

C. Cuestaetal, EPJC 74 (2014) 3150

1274keV Coincidence events

B o vien 1274100 Triggering below 1 keVee:
B - Triggered events coin with 1274 keV bU”( 22NO Ond 4OK even'l's
= 127
g u identified by coincidenceswith
4 |
= 0.9 keV 22Na->22Ne high energy gammas
10 | ’
g i BT —
-1000 0 1000 2000 3000 0 U‘ i |
/ Area ;g: &
26 |1 . | | . .
Olev T”ggered, 0 200 400 600 800 1000 1200
coincidence events of ;w e
b hﬂ(f\ i
-15¢5
-20F
-25¢
-30E

S. Cebrian, TAUP2017,Sudbury, 25th July 2017 0 200 400 600 800 1000 1200

16.10.17 IFT seminar - K. Schaffner 31



J. Amaré et al, Eur. Phys. J.C 76 (2016) 429;

ANA'S—] ]2: BACKGROUND JCAP 02 (2015) 046

40K and %Na peaks and 2'%Pb Summary of crystal activity
(bulk+surface) are the most significant (from ~30.1 days in ANAIS-112)
contributions in the very low energy region Defectar 20K 210Pp
(mBg/kg) | (mBg/kg)
§ DO 1.1 3.15
ks D1 1.4 3.15
> D2 0.9 0.70
fe D3 0.7 1.8
§ D4 1.0 1.8
O D5 1.0 0.75
D6 A 0.76
D7 1.0 0.75
D8 0.6 0.72
average 1.0 1.5

Energy (keV)
e = 40
S. Cebrién, TAUP2017, Sudbury, 25th July 2017 DAMA/LIBRA: ~20 ppb K = 0.6 mBa/kg +°K

16.10.17 IFT seminar - K. Schaffner 32



ANAIS-112: PROJECTED SENSITIVITY

|. Coarasa et al, arXiv:1704.06861v1

5 years data taking

0% 1104
107} 90% probability of detecting an
annual modulation signal at 90% C.L.
g .l
Y
00 1[ OAvA oo ANAIS-112 can detect the
| :E%{mmm ; i annual modulation in the 3o
e Likelihood 90%-30% A l
10° Tt g region compatible with the
M., (GeV)
DAMA/LIBRA result

16.10.17 IFT seminar - K. Schaffner 33



ouv1naow:)

N

DM-Ice experiment GGE C

MATERIAL 17 kg Nal(TI)

SIGNAL(s) Light (PMTs)
LOCATION south pole
B/y-DISCRIMINATION

ENERGY THRESHOLD 4 keVee
DATA TAKING since 2011
EVIDENCE no

34



DM-Ice experiment

MATERIAL

SIGNAL(s)

LOCATION
B/y-DISCRIMINATION
ENERGY THRESHOLD
DATA TAKING
EVIDENCE

17 kg Nal(Tl)

Light (PMTs)

south pole
gle

4 keVee
since 2011

NOo

ouv1naow:)

(&)
GBACKGROUND C

N

keep DM
modulation,
but reverse seasonal
effects

DM-Ice s first
searchin the
southern
hemisphere

35



DM-lce: BACKGROUND

PHYSICAL REVIEW D 95, 032006 (2017)

N
&2

N
o

Rate (counts / day / keV / kg)
o o

%)

|

o

—

—— Data After Cuts —— Crystal “K
----- Efficiency Corrected —— Syrface 228U

= All Simulation - Other Simulation

IIEIIIII|IIII|IIII|IIII

........

—

Fraction

o3

Signal Acceptance

16.10.17

.......

i [ I 1 - | |
5 10 15 20 25 30
Energy (keV)

IFT seminar - K. Schaffner

E. Barbosa de Souza et al. (DM-Ice Collaboration)
Phys. Rev. D 95, 032006

3.6 years of data taking
« total exposure of 60.8 kg yr

* energy range of 4-20 keVee

36



DM-Ice resulis

E. Barbosa de Souza ef al. (DM-Ice Collaboration)
Phys. Rev. D 95, 032006

 horizontal error bars

represent the half-
month bin width

68keV

i L L
T T T T y T T T T

'l' '} LL f“- ""J,_L I’\'L-L 1.1

« vertical error bars

residual rates (counts / day / keV / kQ)

TTTrTT |Illl lllll IIIII IIIII lllll IIIII

tliil |llll lIll| Illll llllI |IIII IIIII

{Jf : m‘ i
Of - g e ettt i e R represent +1g error
. . .., 810k, due to statistical
T and uptime
e uncertainties
A, 10-20keV
0 200 400 600 800 1000 7 200 1400 1600

16.10.17

days since Jan 1, 2011

IFT seminar - K. Schaffner
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E. Barbosa de Souza et al. (DM-Ice Collaboration)

DOM-lce resulls Phys. Rev. D 95, 032006

§ o | 1 1] I 1 L I I 1 1 L I 1 1 L I 1 1 1 [ 1 Ll 1 l 1 1 1 I 1 || 1 I ) 1 1 l Ll 1 1 I T
S 006~ —4— DM-Ice17 Det-1 -
2 - —4— DM-Ice17 Det-2 -
~ = -
§ 0.04|— —4— DAMA/LIBRA ]
S~ = af
€ ooz +++ - - | —
3 it _
O S W s o =]
° - + H * + y
TR S gt b gy bbb T
= i . SR 4 3 7
& L i
5 -0.02— .
c i _
= i _
S -0.04— .l
-8 e T VI | SN P |  T MSS (O (ST VRN (SO Y | LA (O P T | DI [P T (O ([N VR RNV, (ST B
s 0 2 4 6 8 10 12 14 16 18 20

Energy (keV)
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DM-Ice: SENSITIVITY

1036

9

10

10

10749

104

SI WIMP-nucleon cross section (cm?)

1042

16.10.17

E. Barbosa de Souza ef al. (DM-Ice Collaboration)
Phys. Rev. D 95, 032006

E " " \T ] ——————— DAMAS5GC.L. Allowed Region
— DM-Ice17 90% C.L. Exclusion Limit
:_ \ Median 90% C.L. Exclusion for Planned Future Nal(TI) Experiment
= =
| \\ dashed black line:
= \\ future Nal(Tl)-based search
= \ E .
= \\ 5 2 counts/ (day keV kg)
E- \-_D\ = « 500 kg year
— N\ - ]
- \\ 4"“‘“—* — i « 2 keVee analysis threshold
E 4 E
: S 5 :
1 1 1 1 1 L1 I 1 1 1 1 1 1 11 I 1 1 1 1 1 11
10 10 10°
WIMP Mass (GeV)
IFT seminar - K. Schaffner 39



NOILVINAOW

COSINE-100: Coll. of DM-lce+KIMS Nall :

D

MATERIAL 106 kg Nal(T) I Sapl 8Ll o e
SIGNAL(s) Light (PMTs) e e s
LOCATION Yang Yang Lab.

B/y-DISCRIMINATION no

ENERGY THRESHOLD ~2 keVee

DATA TAKING since Sept. 2016

EVIDENCE gl




COSINE-100: NEW features

Tagging of muon-induced events Tagging of 4°K of outer crystals

Plastic Scintillators 2000 L Liquid Scintillator

Tag “K to veto 3 keV
7~ background events

ry

Kii

ﬂii a

—
40 cm

Nal(Tl) Crystals

Lead Shielding (20 cm) Cu Box (3 cm) R. Maruyama, COSINE-100, TAUP 17 conference,
16.10.17 IFT seminar - K. Schaffner 41



COSINE-100: 99K TAGGING

16.10.17

. Y (1460 keV)

— 40K

e (3 keV)

Liquid Scintillator

Effective tool 1o
reduce 49K

background in RO

IFT seminar -

4 1.277x10%y

----------------------------------------------------------- ¥ 0 A
ec 19K p-
10.72% 89.28%
. Qg 1311.09 89.28%
i1 pe2t S 1460859 1067% 11.6'| q_ 15049
89.28% 19.73> 0+ 0 stable
40
stable: 2 0_0.048% 21.08 20Ca
40
1gAr
. Vetoed events in Crystal2
4.5F
_ 4F Data (vetoed)
S 3.5F _—
S o Fitting
g 25 Subtracted 4°K
e 2
§ 1-5} Preliminary
1=
ol é_ pilis *1 P B l» PR, % RPN e, P 1-*-+++1++++1+H+
O TS5 s 7 8 910
Energy(keV)
K. Schaffner 42



COSINE-100: BACKGROUND

R. Maruyama, COSINE-100, TAUP 17 conference,

COSINE-100 preliminary COSINE-100 preliminary

% 10 : : : - , - v v % 25_
-‘é gEsai ....... ....... Crystal-1 (Sample-B) %" B
s .| e R s Nkasaen _'_ Crystal-2 (Sample-C) i DR 8 b s s g R g s ot s S R
3 : C : e :
g i T FTETE e Crystal-4 (WIMPSInt-1l) %
o = SR s vesn e vVasewin) e . o
a "B 5 : i e Crystal-6 (WIMPScint-Ill) S

5 ’ ' """" ' """ : HY, - SR cotyy AT e L '

4

3

2

DAMA/LIBRA

1 c / (keV kg day)

4 6 8 10 12 14 16 18 20 10 20 30 40 50 60 70 80 90 100
Energy (keVee) Energy (keVee)

2 to 4 counts/ (keV kg day) in the ROI work on radiopurity of Nall
210Pb: internal and external is an issue |10 match DAMA/LIBRA level

16.10.17 IFT seminar - K. Schaffner 43



PROJECTED SENSITIVITY

€. .F 1\; A 1 | ——— DAMA allowed region (90%C.L., 35, 50)
L1100 g e 4 W COSINE, 2 years of data
S = \ : \ R I O —— — - 2-20 keV, Median Sensitivty (90%C.L.)
5 2 \ — —— - 1-20 keV, Median Sensitivity (90%C.L.)
3 10-38 SRR \ ..... \ ..... BRIt A At Bt O+ 1o [+ 20
7)) — \ R R : : N
g F A % i D
O .- 5 P
o = =
@ = f§
S = S
€ 1040 L P
d 107 E -
= = ==
= = :
% 10" = §3-
104 = -
1 10°

WIMP Mass (GeV)

» 2 -4 dru flat background is assumed
» 2 years of data with 1 keV analysis threshold provide sensitivity comparable to DAMA's

90% C.L allowed region
Reminder: Two years would be end of 2018

16.10.17 IFT seminar - K. Schaffner 44



SABRE experiment *

MATERIAL > 50 kg Nal(Tl)

NOILVINAOW

| w/ scintillator

SIGNAL(s) Light (PMTs) | 8 i

LOCATION LNGS ltaly
+ SUPL Australia

B/y-DISCRIMINATION gle
ENERGY THRESHOLD <2 keVee
DATA TAKING PoP in 2017
EVIDENCE no




SABRE: ULTRA-PURE NAI PRODUCTION

e = Ultra-pure Nal(Tl) crystals:
« collaboration between Princeton
'/’. '2 kg test \ and Sigma-Aldrich

crystal + low contamination Astrograde
3 m powder

= FIRST 2 kg CRYSTAL has 40K below
R e DAMA/LIBRA level i

natK contamination 9 ppb
(DAMA crystal 13 ppb)

46
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SABRE: Proof-of-Principle

First Phase : PoP @ LNGS S OSprTTTTT T e
5 kg crystal inside liquid scintillator 2 oas- SABRE Pop-« Prelfrningey
=2 S i
(~ 2 tons PC + PPO 3 g/I) < o4 8
§'035 —— Veto ON
o0
c 03[ 84% “°K background

rejection in the ROI

Q
N
(4]

0.2

015

0.1

Illllllll
IIIIIIIIIIIIIIIIIIIIIIIIIIIIlIIIIIIIIIIIIIIIIIII

0.05}5
0: p oo o beovn By vy Tov o Tov v Poon o Py 00000 1410
0 2 4 6 8 10 12 14 16 18 20
E [keV]

16.10.17 IFT seminar - K. Schaffner

Giulia D’Imperio*, TAUP 17, Sudbury, Canada



SABRE: PROJECTED SENSITIVITY

1) Bt

107

10742

I T TTTI

[ IIIIII|

I IIIIIIII

—— 50 kg Nal(T1), Background 0 166 cpdfkg/kev
~—— 100 kg Nal(T1), Background 0 166 cpdikgkeV,,
-—t— 50 kg Nal(T 1), Badcground 1.cpd/kgikeV ;
R _DAMA allowed region (90%01 gy | 1 | s
2 No sensitivity region PP L

modulation amplitude
goesto O in [2 6] keV
Jinterval.. Ll

AL

E?»M(? regions from (jirxiv;086238.360.7

I
10 10% 10°
m, [GeV]

Giulia D’Imperio*, TAUP 17, Sudbury, Canada

16.10.17

IFT seminar - K. Schaffner

2-6 keVee
50 kg of Nal(Tl)
3 years exposure

bkg from simulation:
~0.2 c /(keV kg d)
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PICO-LON project *

MATERIAL Nal(Tl)

NOILVINAOW

SIGNAL(s) Light (PMTs)
LOCATION Kamioka,Japan
B/y-DISCRIMINATION no
ENERGY THRESHOLD 2 keVee
CRYSTAL GROWTH R&D phase
EVIDENCE NO




ANNOYIADVd

COSINUS project

MATERIAL Nal (undoped)

WWW.COSINUS.it

SIGNAL(S) |_|g Nt and hecﬂ"w Eur. Phys. J. C_(2016) 76:441
(TES) 22

LOCATION LNGS Italy
B/y-DISCRIMINATION
THRESHOLD GOAL

FUNDING R&D project




LOCATION

Corno Grande ;¥

7

(2912

tan fro MPI Munich
16.10.17 IFT seminar - K. Schaffner 51



COSINUS: CRYOGENIC CALORIMETER

heat bath = 10 mK
Temperature pulse

weak thermal : A‘
coupling G thermometer
" heat capacity C

SQUID output [V]

crystal -
heat capacity C

: lkeV > pK 50 0 50 100 150 200
particle time [ms]
Interaction

temperature rise T

Irreducible thermal fluctuations

Ultimate energy resolution is determined by how well <AE2> —k T2C
you can measure T against thermodynamic fluctuations b

low temperatures > better energy sensitivity

low heat capacity - careful selection of materials

16.10.17 IFT seminar - K. Schaffner 52



HOW TO MEASURE TEMPERATURE ¢

What to use as
EH.H thermometer?

coupling



TRANSITION EDGE SENSOR (TES)

tungsten film

electrical contact
(200 nm)

aluminum

thermal link
&

TES — heater

GOLD

16.10.17 IFT seminar - K. Schaffner 54



TRANSITION E

DGE SENSOR (TES)

tungsten film

electrical contact

’rhermol link /_
TES - heo’rer
GOLD
g Jee— W-film evaporated onto the carrier crystal
= a0 S - temperature stabilized between
30F n 5 normal and superconducting phase
B AR & : . .
C ¥ : » particle interaction creates phonons
20 ]k operating point . .
- & - rise of film temperature
"oF ?‘5 « resistance change of the film
Ops T N measured with SQUID-based readout
155 16 16.5 17 17.5 18
T [mK]

16.10.17
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Nal at low-temperatures




Nal-based SCINTILLATING CALORIMETER

heat bath =10 mK Phononssignal (~ 90 %)

gfﬁglfnhgerma' % ermormator » (almost) independent of particle type
/

« precise measurement of the deposited energy

crystal

particle *
interaction

temperature rise T

16.10.17 IFT seminar - K. Schaffner
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Nal-based SCINTILLATING CALORIMETER

heat bath =10 mK Phononssignal (~ 90 %)
weak thermal R ; :
coupling % P thermometer (almost) independent of particle type
« precise measurement of the deposited energy
crystal —
t. | () L] L] L]

teraction * Scintillation light (few %)
temperature rise T P

=

T}

« amount of emitted light depends on particle type
- LIGHT QUENCHING

scintillation

light « discrimination of interacting particle via the ratio

lightto phonon signal
- LIGHT YIELD

16.10.17 IFT seminar - K. Schaffner 58



... but Nal is not that Nalcel

handle in controlled atmosphere:

» glove box

« special container for cooldown
in dilution refrigerator

16.10.17 IFT seminar - K. Schaffner
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... but Nal is not that Nalcel

* |low Debye temperature

Properties Nal(pure) Csl(pure) CdWO, CaWoO,

Density [g/cm?] 3.67 4.51 7.9 6.12

Melting point [°C] 661 894 1598 1650

Structure CsCl CsCl Wolframite Scheelite P R E P A R E F O R .

Amaz at 300K [nm] ~300 ~315 ~475 420-425 . .

Hygroscopic yes slightly no no SmG” SlgnC” GmpllTUdeS

o [K] 169 125 - 335 . . " _

Photons per keV at 3.4K 1954+1.0 589456 - - develop hlghly sensitive W TES
Mean energy of emitted photon [eV] 3.3 3.9 - 3.14 « surface of Nal optically polished

16.10.17 IFT seminar - K. Schaffner 60



COSINUS DETECTOR CONSTRUCTION

16.10.17

............................................................................................................
,,,,,
4 ~,

Nal Target Crystal

« scinfillator
« multi-element target
« mass:~50-300¢g

53|
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COSINUS DETECTOR DESIGN

~~~~~~
- ~.
-~ .

CdWQ, carrier crystal

carries the W-TES
glue/oil as interface

mass: ~ 5-15 g

___— interface

,:—’i,

CdWO,

16.10.17 IFT seminar - K. Schaffner



COSINUS DETECTOR DESIGN

~~~~
-~ ~.

Light absorber
Silicon
« beaker shape
* 40 mm diameter & height
el —
CdWO,

High Purity |
silicon

~ -
________

16.10.17 IFT seminar - K. Schaffner



COSINUS

DETECTOR

Silicon

____________________________________________________________________________________________________________
- ~
- ~.
-
S

CdWO,

16.10.17

Light absorber

« ~ 40 mm diameter & height
« fully active veto

- reject surface backgrounds

- high light collection efficiency

&

copper
detector holder

e

bulk
contamination
with 210Pg

210Ppo — 206Pp (103keV) + a (5.3 MeV)

~
Sean

IFT seminar - K. Schaffner

-
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COSINUS DETECTOR DESIGN

TES
Silicon v

CdWO, N
TES

16.10.17

____________________________________________________________________________________________________________
- ~
- ~.
-

S

23 2 independent channels
N
e e  W-TESs as thermometers
' « simultaneous readout of
- phonon signal in Nal
- scintillation light
£
:l
; .

~ -
_______

IFT seminar - K. Schaffner 65



COSINUS

DETECTOR

_______
- S~

-

v

- /
TES | |
Silicon / \&
l— — |
CAWO b |
4 \ oo !
TES - |
ué - i

16.10.17

Partficle discrimination

« simultaneous detection of:
energy in the crystal E
scintillation light L

« discriminafion of interacting particle via
the ratio L/E |_

~ -
________

IFT seminar - K. Schaffner 66



COSINUS DETECTOR

R

TES |
Silicon - ;
CdWO, = N

TES

16.10.17

~~~~~
N

Performance goadl

* Nal detector:
nuclear recoil energy threshold ~ 1 keV

» light detector:
4% of deposited energy detected in light

bring performance in-line with existing
bolometers e.g. produced within CRESST-II

~ -
———————

IFT seminar - K. Schaffner 67



LIGHT YIEL

16.10.17

LIGHT SIGNAL
LIGHT YIELD =

HEAT SIGNAL

L/E

e/y

Na

IFT seminar - K. Schaffner
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SIMULATED

DATA FOR 100 kg days

LIGHT SIGNAL
LIGHT YIELD =

HEAT SIGNAL

“k contribution (600 u Bq) and flat background 1c/(keV kg d)

k=)
2
E - e;-/y_ -pand
-9 PRI Lt
i
1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
10 20 30 40 50 60 70
Energy (keV)
Eur. Phys. J. C (2016) 76:441
DOI 10.1140/epjc/s10052-016-4278-3
16.10.17 IFT seminar - K. Schaffner

Nal energy resolution c=200 eV
Nal energy threshold 1 keV

4% of deposited energy
detected in form of light

light detector baseline noise
o=10 eV

black events:
flat background: 1 /(keV kg day)
+ 40K background: 600uBg/kg =DAMA

exposure before cuts: 100 kg-days

solid lines: 80% bands
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SIMULATED DATA FOR 100 kg days

LIGHT SIGNAL Nal energy resolution c=200 eV

LIGHT YIELD =

HEAT SIGNAL

Nal energy threshold 1 keV

4% of deposited energy
detected in form of light

« Light detector baseline noise
o=10 eV

K contribution (600 u Bq) and flat background 1c/(keV kg d)

LRI

Light Yield
N

., ©ly-band

Dblackevents:
flat background: 1 /(keV kg d)
+ 40K background: 600uBqg/kg

Na-recoils

+ exposure before cuts: 100 kg-days

* recoils off Na
QF from Tretyak, Astropart. Phys. 33, 40 (2010)

10 20 30 40 50 60 70
Energy (keV)

Eur. Phys. J. C (2016) 76:441
DOI 10.1140/epjc/s10052-016-4278-3

16.10.17 IFT seminar - K. Schaffner 70



SIMULATED

DATA FOR 100 kg days

LIGHT SIGNAL
LIGHT YIELD =

HEAT SIGNAL

“k contribution (600 w Bq) and flat background 1c/(keV kg d)

. eh-band

PR R

Light Yield

Na-recoils

Nal energy resolution c=200 eV
Nal energy threshold 1 keV

4% of deposited energy
detected in form of light

Light detector baseline noise
o=10 eV

black events:
flat background: 1 /(keV kg d)
+ 40K background: 600uBqg/kg

exposure before cuts: 100 kg-days

QF from Tretyak, Astropart. Phys. 33, 40 (2010)

0.2 ’
0 | '| L]
-recoils  recoils off Na
-0.2  recoils off |
10 20 30 40 50 60 70
Energy (keV)

Eur. Phys. J. C (2016) 76:441
DOI 10.1140/epjc/s10052-016-4278-3

16.10.17 IFT seminar - K. Schaffner
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SIMULATED DATA FOR 100 kg days

Light Yield

16.10.17

LIGHT SIGNAL
LIGHT YIELD =

HEAT SIGNAL

Na-recoils

I-recoils

WIMP events from simulation

10 20 30 40 50 60 70
Energy (keV)

Eur. Phys. J. C (2016) 76:441
DOI 10.1140/epjc/s10052-016-4278-3

IFT seminar - K. Schaffner

black events:
flat background: 1 /(keV kg d)
+ 40K background: 600uBqg/kg

red events:

10 GeV/c2 WIMP with 2E-04 pb
as from Savage et al.

PICO 2015 XENON100 2012 |

| Hll:\! L

v
10°%
1 0—40

10

» 10——42

11111\ I

107
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SIMULATED DATA FOR 100 kg days

LIGHT SIGNAL
LIGHT YIELD =

HEAT SIGNAL

* red events:
10 GeV/c2 WIMP with 2E-04 pb
Savage et al.

Light Yield
N

Energy # Events Fraction

0.4 _
02 Narecolls 1-2 keV 1078 45 %
2-6 keV 1262 53 %
0.2p2 R o > 6 keV 46 2%
- WIMP events from simulation

R T I S T T S TOTAL 2386 100 %

10 20 30 40 50 60 70

Energy (keV)

Eur. Phys. J. C (2016) 76:441
DOI 10.1140/epjc/s10052-016-4278-3

16.10.17 IFT seminar - K. Schaffner



SIMULATED DATA FOR 100 kg days

LIGHT SIGNAL
LIGHT YIELD =

HEAT SIGNAL

fOK contribution (600uBq) and flat background 1c/(keV kg d)

°
©  1AF L
> . -
£ 12 g . €ly-band |
.9 e o -y X a0
- 10
..,.'..3:, '; £l e N :.. Lo, .- .- - RS
~- DAMA/LIBRA 2-6 keV,,
04k \
\ Na-recoils
028 N\
| —
0.0
_02F
: WIMP events from simulation
04 | | | | | |
10 20 30 40 50 60 70
Energy (keV)
Eur. Phys. J. C (2016) 76:441
DOI 10.1140/epjc/s10052-016-4278-3
16.10.17 IFT seminar - K. Schaffner

pink colored boxes

correspond to DAMA/LIBRA signal
regions in the standard elastic

scattering scenario

Energy # Events

1-2 keV 1078
2-6 keV 1262
> 6 keV 46

TOTAL 2386

Fraction
45 %

53 %
2%

100 %
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MPARISON

__________________________________________________________________________________________________________________________________________________________________________________________________________________________

I”’

/

1

,' 2-6 keV,,

i Eur.Phys.J. C 56 333 (2008), arXiv:0804.2741
1

H ~

! =0.05

i @

i =g

1 S~

i =T

| ==

! .= m-: :

| g 0=

: 3 1 1 1 ’ + 4 4 4 4 4 1 1 1 I 1 1 I_é-l 1 1 1 I 1 1 1 | 1 1 1 I 1 1 1 l 1 | _—
1

i oE 0 2 4 6 8 10 12 14 16 18 20
1

1 -,

.\ Energy (keV)
\\\\

7 “°K contribution (600:Bq) and flat background 1c/(keV kg d)

I/ I

] o] M
i COSINUS 3 -
1 >
1 -
i -« Thermal link 5 af]d
: % e TES =
|
i - Si beaker as light absorber
1
1
1
i -~ Nal target crystal
1
i ; - Na-recoils
; Interface
: 1 e | AN —
1 » - s |
! L "— carrier crystal (e.g. CdWOg) ! I-recoils
1 . n .
i 72 L 2 —0.2F
: < Thermal link : WIMP events from simulation
\ 04 | | | | l |

\‘ Eur. Phys J. C (20] 6) 76:44] 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
N DOI 10.1140/epjc/s10052-016-4278-3 10 20 30 40 50 En%(:'gy (keV7)o

_______________________________________________________________________________________________________________________________________________________________________________________________________________________
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MILESTONES




1s" PROTOTYPE

Conventional CRESST light
4 detector (incl. TES)

I(— >3Fe-source

5cm of Pb to
shield <«———— Nal target crystal
radioactivity .
from the Interface (silicon oil)
dilution unit of
the cryostat g — <«— Carrier crystal (CAWO,)
decoupling system (incl. TES)
L fo reduce microphonic noise
copper
housing light detector

NO' " . % '~‘.-'_A'
detector ‘

arXiv: 1705.11028
accepted at JINST

16.10.17 IFT seminar - K. Schaffner 77



1s" PROTOTYPE RESULTS

10 keV threshold
~~ - =
3 £ :
> 1405
d) ?\.T |. 50 0 50 100 150 250
~ B . Time [ms]
et - -
&0 120F Ao, }‘
o - } : g
R |
f{) 100;’: :{L I
R 241 A M- .. -
T M-.--
04 A, _
\--?":‘E:‘_;é:-'1
60 ;E..:}t'. - . " 50 0 % w0 w0 0 a0
o o

o = 10
. ; - ; d

SRR G oL . 5 recoil banC

| 2 ,.._.-—-"""—" T

| recoil band

- Sl = o - | r I-LI" :“F“l-‘lh -,,;_.c_li‘L ?..- o 5 3-\.??_-53_-5-
0 20 40 60 80 100 120 140
plot: arXiv: 1705.11028, accepted at JINST Energy (keV)
QF from Tretyak, Astropart. Phys. 33, 40 (2010)
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=
-

=)
15
&

1s" PROTOTYPE RESULTS

___________________________________________________________ 025

Pulse height [V]
o
2

light

Linear relation between light output and deposited energy!

,Q‘)\ E_: I I . e - T L .I'-f ! o‘o.s
S b b N ' R ;
% 140:1_1I i J'.-: N . - i ,b\()V_' e : 0 0 50 100 150 200 _ 250
= - | 10 keV threshold - RN 5 et
>y e R B - - ,\%&__--‘ 40— 10 _
% 120 :_E i b : : e -;. 2 __':_:_'_'.E- - gomz:— L
5 :,; ;;%-::_ - - - ) o . i .-f:,;'_'- = -.w:'-:. - / 5‘001;— ’ phonon
- T :'g:__d : U - : < S | T _| 0,008 c
En 100;-:.: :ll__ ' ) = T i A '. | o.oos:— \1
RN e o -
- ':l:h I 241, _ .- > 2 — 102 0002:— \
80 ol Am-, ik = : \_
t*:-?‘%.a'} PR | U — o
ERcH pih - _/ T By O R
s ; s, - | T
60 28| e S _
_1| | escape . - i
= CT =
40P | = 10
| L 2 . | b2 nd
I E pEr __:_.-i. L Nal-e_-c-g_\______.—-—-

—-—-“"—_—-— ]

Eir

T T TR e carrier events

&
| recoil band
r s I T — -«
120 140 E
Energy (keV)
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1s" PROTOTYPE RESULTS

16.10.17

Events per 250eV

10°

10°

10 keV threshold plot: arXiv: 1705.11028

>Fe

| escape

20 40 60 80 100 120 140
Energy (keV)

* first successful measurement of a
Nal crystal as cryogenic detector

« publication accepted at JINST
arXiv:: 1705.11028

IFT seminar - K. Schaffner

energy threshold: 10 keV

for B/y-events:
3.7% of the energy deposited in the
Nal crystalis measured by the light
detector (design goal 4%)

11.2 detected photons perkeV of
energy deposition

l « improve detector
performance

* Nno beaker-shaped
light detector
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2" PROTOTYPE DETECTOR

_________________________________________________________________________________________________________________________________________________________________________________________________________________
- ~

« inferface: epoxy resin

« beaker-shaped Si
light absorber

 Nal crystal: 66 g

2
_________

ACHIEVED PERFORMANCE:
« phonon detector resolution (at zero energy): 1.0 keV
« absolute light yield for a B/y-event: 13 % (~39 photons/keV)

« intrinsic energy resolution of light detector @ smallest injected testpulse energy: 15 eV

16.10.17 IFT seminar - K. Schaffner 81



2"4 PROTOTYPE

DETECTOR

Light Yield

G % e
0 8 ¢ v W “'."." ‘r‘-’
. 4 " . R ¢ s e et . [N
> .t et e e - . . . _ - . . N - A' . -
: e -/gamma band

keV

Auger electrons -

. preliminary

. .

.o

Na recoil band
. . | recoil band
----;-Y---:n.u-:-uu.....-n : .:-.-.-::...n----n.-::-----u.-\ --------------- :-:--‘...::..‘...‘ ---------

carrier events
|

16.10.17

60 70
Energy (keV)

IFT seminar - K. Schaffner

Nal energy threshold is
(8.26 + 0.02 (stat.))keV

width of the 241TAm peakiis
(4.508 £ 0.064 (stat.)) keV

carrier events identified
by pulse shape
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2" PROTOTYPE

DETECTOR

16.10.17

successful test of final detector concept

beaker-shaped light detector exceeds performance goal

Nal is an excellent scintillator at low temperatures

improve detector performance of Nal calorimeter to
reach lkeV energy threshold

205 ppm of 4K in the HILGER crystal

IFT seminar - K. Schaffner
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3@ PROTOTYPE

16.10.17

Hall C
dilution
unif

COSINUS
detector
module

DETECTOR

« first measurement in alow background
cryostat (hall C at LNGS)

« installed SQUIDs and dedicated heater / bias
lines in the cryostat

« COSINUS DAQ commissioned

* Nalisof 30g

GOAL:

« test setup in new faciltiy

- nevutron calibration campaign
to proof particle discrimination

IFT seminar - K. Schaffner 84



3@ PROTOTYPE DETECTOR

“ « successful commissioing of experimental setup in hall C
“ « successful test of new COSINUS DAQ

16.10.17 IFT seminar - K. Schaffner
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QUENCHING FACTOR MEASUREMENT

Light Yield

16.10.17

Neutrons | .
11 MeV

Nal crystal

40K contribution (600 uw Bq) and flat background 1c/(keV kg d)

., ety-pand

Na-recoils

I-recoils

10 20 30 40 50 60 70
Energy (keV)

Tandem accelerator of Maier-Leibnitz
Laboratorium (MLL) of LMU in Garching, Germany
11 MeV neutrons

dilution refrigerator available

small Nal detector module

GOAL:

precise determination of light quenching factor for
Na and | at mK-temperatures

IFT seminar - K. Schaffner 86



QUENCHING FACTOR MEASUREMENT STATUS

MARCH/APRIL 2016:
commissioning of the cryostat and the setup

MAY 2016:
small detector module mounted in cryostat

%., .\‘,,,~_,m A

— lﬁiﬁi ‘J—"\(Ai-
JUNE-AUGUST 2016.

. couple of cryostat cooldowns

———

. base temperature not reached but hints for problems identified:

- 3He/*He mixture added first week of August
- improved thermal heat sinking of all wiring

beam-time postponed to mid of November 2017

16.10.17 IFT seminar - K. Schaffner
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OUTLOOK: PROJECTION FOR 1000 kg days

—~ [ T T T [ [ [ | | T 1= -36/'\
Q 1 ?\ ! \ — — CRESST-I 2016 -e CDEX 2014 = 10 NE
3 — A ! — . - CDMSlite 2015 CDMS-Si 2013 _ o
c 10‘1 = \ SuperCDMS 2014 [ CoGeNT 2013 = 10‘37 ~
-g E \\ \ ——— DAMIC 2016 ~  sreeenes EDELWEISS-IIl 2016 ; S
O — \\ - \ -------- KIMS 2012 —— KIMS 2014 — =
% 1072 = \\\\ RN A —— PICOS0CF 206 o DarkSice-50 2015 = 10738 8
g — - X.“ \ _- I)_(lé)l:;ifﬁ);og\?\::\::ss 2016 _-_ )F;aEl:\ld(:)N(1ltl2((1)11(75 — a ° e/ amma chk round_onl
o 10°¢ NN = 10% g il d Y
O = ! = = simulafion
=il E 0
S 10% e =107 g : i :
2 = We? @ « projected limit for spin-
> 10°¢ i | = 1045 independent elastic scattering
o F SR off nuclei
2 10%E = 10% 5
L - o = 5 « anticipated sensitivity is about
= 107 = . S, = 1040 :
I = . N P, T = = two orders of magnitude better
g 108 N\—; 1 0_44g than the interpretation of the
< = = = DAMA/LIBRA claim under
[ - — — A .
S 10°E J 10.45§ standard assumptions
10 — Coherent Neutrino Scattering on Nal ) :-; 46
10 E i ! | Lo ] B =10
0.5 1 2 3 4567810 20 30 40 100

Dark Matter Particle Mass (GeV/c?
16.10.17 IFT seminar - K. Schaffner 88
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CONCLUSION COSINUS

« COSINUS aims to develop the first Nal detector with particle discrimination

 first Nal prototype module successfully operated at LNGS in 2016 - publication at JINST

in 2017:
« furtherinvestigations and R&D to improve threshold and energy resolution
of the Nal detector ( new TES-design and interface solution )

« precise measurementof quenchingfactors at the neutron beam at TUM

COSINUS is on a good way to achieve CRESST-II like performance. If we succeed:

« Only few 100 kg-days needed to answer whether DAMA sees a nuclear recoil signal, or not

« upgrading to ~ 10 kg, the COSINUS is also sensitive for modulation detection

16.10.17 IFT seminar - K. Schaffner 89



CONCLUSION Nal EXPERIMENTS

 Radiopure Nal is the key-issue for all DAMA-like experiments

* no experiment arrived yet in producing massive Nal(Tl) crystals at purity level of
DAMA/LIBRA - we have to work harder!

« DAMA/LIBRA: lkeVee threshold (publish this year ¢)

« (COSINE-100: data taking since Sept 2016 (first results 2018 2)
 ANAIS-112: started physics run (data taking planned for 2 years)
« SABRE: start POP within 2017 (promising ultrapure Nal(Tl))

« COSINUS: performance test run planned for 2018

16.10.17 IFT seminar - K. Schaffner
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HAPPY BIRTHDAY MODULATION SIGNAL

TAUP conference 1997

DAMA presents first evidence
for modulation signal




HAPPY BIRTHDAY MO

DULATION SIGNAL

TAUP conference 1997

DAMA presents first evidence
for modulation signal

E. Barberio (SABRE, Australia): “The more one looks
into their experiment, the more one realizes that it is
very well done.”

16.10.17 IFT seminar - K. Schaffner 92
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HAPPY BIRTHDAY MODULATION SIGNAL

TAUP conference 1997

DAMA presents first evidence
for modulation signal

My colleague F. Reindl says:
“This will not take another two decades!”

FT seminar- K. Schaffner



Thank you for your attention!
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EXTRA MATERIAL
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General enemies

. 223y 80%:6317.0 keV —
4~ 1.277x109y 210 o.. | conv. e 30.2 keV + Auger e’s
- ?gK o Pb a4 22.0%: x-rays 9.4-15.7 keV
10.72% 89.28% 20%: 8 63.5 keV —| 13.7%: conv. e 42.5 keV + Auger e
T — 3.5%: conv. e 45.6 keV + Auger e
112ps 2t 1460.850 _10.67% 116" 0501504_9 ' 210Bj | 4.3%:y 46.5 keV
B026% 197 0 0 oo 100%: B 1161.5 keV 1384 d
4OCa
e 0 .0.048% 21.08 20
AT 100%: a 5.3 MeV

206pp 103 keV
2ha (2.603 year)

Electron captu re-l

9.7%) / "
12745 - P02%)
0
22Ne
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COSINE-100

Mass (kg) Powder Type *°K (ppb) %#¥U (ppt) 2*?Th (ppt) 2°Po (mBgq/kg) Light Yield (npe/keV)

Crystal 1 8.26 Powder B 34.74+4.74 <0.02 1.31+0.35 3.20+0.04 14.67+0.62
Crystal 2 9.15 Powder C 60.64+4.64 <0.12 <0.63 2.06+0.03 14.56+0.54
Crystal 3 9.16 WIMPScint-II  34.3443.10 <0.04 0.444+0.19 0.7610.02 15.7540.76
Crystal 4 18.01 WIMPScint-II  33.32+3.50 <0.3 0.74+0.02 14.6940.46
Crystal 5 18.28 Powder C 82.33+5.49 2.35+0.31 2.06+0.03 6.26 +0.34
Crystal 6 12.5 WIMPScint-III  16.79+2.46  <0.018 0.56+0.19 1.5240.02 14.5240.51
Crystal 7 12.5 WIMPScint-III  18.69+2.79 <0.6 1.54+0.02 14.4140.50
Crystal 8 18.28 Powder C 54.2543.82 <0.9 2.0540.02 3.27 £0.20
DAMA <20 0.7-10 0.5-75 <0.5 5.5-17.5
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DARK MATTER IN THE MILKY WAY

Standard assumptions

* Maxwellian velocity distribution
« asymptotic velocity of 220 km/s
» galactic escape velocity of 544 km/s

* local dark matter density
0.3 GeV/cm3

- 3000 (100 GeV/m,) WIMPs per m3

= FLUX OF WIMPS ON EARTH:

~10° (100 GeV/m,) cm2sec’

IFT seminar - K. Schaffner
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Motivation for low-mass Dark Matter

WIMP “Miracle” Asymmetric dark matter

 Thermally produced e Quu/Qs~5: Why?

In early Unlve.rse e Link asymmetries for
* Weak scale yields baryons and DM in
correct relic density early Universe

e 10GeV/c2 ~ 1TeV/c2 e 0.1GeV/c2 ~10GeV/c2

i Annihilation

IFT seminar - K. Schaffnér




16.10.17

NEUTRINOS as background

Electronic recoils from pp solar neutrinos: ~ 1048 cm?

Nuclear recoils from 8B solar neutrinos: below 1044cm? for low-mass WIMPs

Nuclear recoils from atmospheric + DSNB: below 104 cm?

5 = T CRessTilz018 o CaeseTizon | 3 =
10" S CaeRa o e 4107 ©
s} = DarkSide- 50 2018 - EDELWEISS 2012 = "5

= KIMS 2012 KIMS 2014 by
2 102 Xenonazre” =108
& = = o
(] = = [7:}
5 10°f 4105 BESIDES,
S E = c
® qn4L 440 ©
S 10k 4108 measurement of CNNS
pd = =
p 10° =104Z i i i
$107¢ SRS Is also an inferesfing
E 108 = - 10_42'(1—%' h . '_I_ |f
il IR physics case itse
g 8103

& @
fc 10°® =io4=
8 10—9 '; 10_45(0‘6
Coherent Neutrino Scattering on Nal =
10—10 PR | 1 1 P | I | | 0—46
0.5 1 2 3 4567810 20 30 40 106

Dark Matter Particle Mass (GeV/c?)
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DIFFERENTIAL SCATTERING RATE

Op interaction cross action at
zero momentum transfer

my mass of dark matter particle

dR s OO F2 (Er) p@ T (Er) F(E) nuclear form factor
dEr mX Mz Vo VT M reduced mass

m, +m,
i (V) Integral over local dark matter
T(E,)=%V [ L—av velocity distribution
ErmN . . N
min = 2_‘uz minimal velocity to produce a recoil of E;

— 10 GeV/c?
—— 100 GeV/c?
— 1000 GeV/c?

Prepare detector for:

dN/dE, (1/(keV kg day pb))

« very small energy deposits
(few keV - tens of keV)

extremely rare detection rate
(few events per ton peryear)

signal embedded in a background

40 50 60 s (=i i i
Eneray E. (keV) thatis millions of fimes higher
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DIRECT DARK MATTER INTERACTION

Temperature N is the total excitations which have a mean energy kgT
pulse AT =

N «CT/k,T and ON=+/N

OF = SNk, T = \/k,T*C

Noise comes from irreducible random thermodynamic

SQUID output [V]

50 0 50 100 150 200

time [ms] fluctuations in energy due to fransport across the thermal link

Ultimate energy resolution is determined by how well you can
measure T against thermodynamic fluctuations

low temperatures -> better energy sensitivity

low heat capacity - careful selection of materials
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Quenching Factor Measurement of CRESST

@ MLL accelerator

cryogenic detector module

Si light detector —__

 EEEEEEE | CaWO,single Precise determination
1 crystal
_..____- : of QFs for O, Ca & W
neutrons (11MeV) ~— 0 | @mK temperatures
¥
liquid-scintillator ’
neutron-detector array
0.14 TR TTITY, SRR ﬁumﬁﬂ
| 2a
| . _ 0 Iramnsco | Values (in ROI)
010 | e O:(11.2 £ 0.5)%
0.06 [ —— ’ - g ey s B ARSUEE M TN a4 o e et p @ W: (1.72 i 0.21)%
A f Eur. Phys. J. C (2014) 74:2957
00 11;0 21.)0 3(;0 4(;0 5(;0 600

Er (keV)
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Model Independent Annual Modulation Result

DAMA/Nal + DAMA/LIBRA-phasel Total exposure: 487526 kgxday = 1.33 tonxyr

Single-hit residuals rate of scinfillation events vs time in 2-6 keV EPJC 56(2008)333, EPJC 67(2010)39, EPJC 73(2013)2648

S T AN (G o) | | {03 Ton ) :

y V0B E L [targetmass+873kg) | | 1 1 1 1 ! (argetmass =232.8kg)

> :;;f I G B ' b Bl A=(0.0110+0.0012) cpd/kg/keV

% S } } P E T = r ] x2/dof=70.4/86 9.2cC.L

i oion WS i ey : A Absence of modulation2 No

2—0.043 i qﬁ} = '} ' Py b g , x2/dof=154/87 P(A=0) = 1.3x10*°

oAt RERE s SEREEE RS A

g 008 oL on by b b bbb b || Ftwith all the parameters free:
B oo zoo0  seae . aoae . sao . A=(00112+0.0012) cpd/kg/keV

Time (day) 1o = (144%7) d - T=(0.998+0.002) y

piy
H Principal mode Comparison between single hit residual rate g.red points) and multiple
£ = 2.737x103d ' =1y hit residual rate (green points); Clear modulation in the single hit events;
2 ¥ 2.6 keV No modulation in the residual rate of the multiple hit events
0 i , A=-(0.0005%0.0004) cpd/kg/keV
q’ E 15 | o - - i
Q- | 2 0oz | Mulfiple hifs events = i
T % - | Dark Matter particle “swifched off” i 2-4 keV
) ; 001 [ —8—
& & orakev| [E e 3 8 8| o 9
o z - '_Q_l_;_.‘—!—l :
i A 2 001 :
2 MM‘J w\.a.‘ WAkt seentiace ‘§ G g "
o 6.002 0.004 0.006 O.Q{N ﬁ —-0.02 F !
Frequcnc.‘. (d ) z : 3 4 l " o 4 s l A s Lil 1 i — ' 1 l e ' 4 & 1 & - 4 'S I & ‘:L L s 1 1 ' A 'S L 4 ' s s
- - - 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
= sculiarities 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 9.2c C.L.
IFT seminar- K. Schaffner
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The annual modulation: a model independent signature for the
investigation of DM particles component in the galactic halo

DM signal. Although the modulation effect is expected to be relatively small a suitable large-mass,
low-radioactive set-up with an efficient confrol of the running conditions can point out its presence.

. Drukier, Freese, Spergel PRD86; Freese et al. PRD88
Requirements: - %

* V.~ 232km/s
(Sun velin the

1)Modulated rate according cosine halo)
2)In low energy range : o Wi = A KRTE
M‘ O'b
3) With a proper period (1 year) L (Earth vel
d th
4)With proper phase (about 2 June) , 30'{'@ 35?5’” =
s

5)Just for single hit events in a multi- e y=un/3, ®=2xn/

detector set-up - - T.T=1year
= + -
6)With modulation amplitude in the Valt) =Viun * Vs COSYCOSm{ 1) e =204 June
region of maximal sensifivity must dR (when vg is
be <7% for usually adopted halo Se[m(®)]= f EdER = Sox +Smi COS[aX? —1,)] maximum]
distributions, but it can be larger in AE; "R

£ase ol 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
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