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Direct WIMP Search

Elastic Scattering of
WIMPs off target nuclel
- nuclear recoill

M. Schumann (Freiburg) — Direct Dark Matter Searches

WIMP

WIMP

.i Nuclear Recoil
Er ~ O(10 keVnr)

Detectable
Signal

v ~ 230 km/s

gamma- and beta-particles
(background) interact with the
atomic electrons

— electronic recoil [in keVee]



Direct WIMP Search

Xenon
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Argon
Silicon
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Direct Detection:
Er < 100 keV
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Direct WIMP Search

—
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Direct Detection:

Er < 100 keV
R < 1 evt/kg/year

w

Diff. rate [events/(kg d keV)]
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o =4x10*cm?
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Recoil Energy: £, ~ O(10 keV)
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I WIMP-Nucleon Interactions

A priori, we do not know how dark matter WIMPs interact with ordinary matter

Parametrization of interactions leading e S GlesErihe

to WIMP-nucleus scattering: loss of coherence

coupling to mass coupling to nuclear spin *arr?(?'gi}ll g?rvt‘;aﬁ’btﬁgﬁts
Spin independent Spin dependent

X - quark (SI, scalar)| % % X - quark (SD, axial)

H.\/K
: b ~ X 4 X
5 g ~
i
/\ i /&\ g q
g

q g q

u=qg*bh?/2

PRD 88, 083516 (20135)( )
— u

1b currents 3

Xe -- 8 1b currents
= Sp(u) 1b + 2b currents |

== S (u) b+ 2b currents

Lar~ XXV 9 o< J(J+1)

Jungmann et al. '96 Phys.Rep.

do_ _ Copin) 2 S(lal)

dq?  v? S(0)
often: express SD ] J+1
results in proton-only : —[@{Sp} +@(Sn)]2— T eh b ameshe
or neutron-only " J |
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Direct WIMP Search

Xenon
Y Germanium
Argon'
Slllcon

Direct Detection:

Er < 100 keV
R < 1 evt/kglyear

form factor

Diff. rate [events/(kg d keV)]

my=100 GeV/c?
o =4x10*cm?

How to build a WIMP detector? o m e om e omow
e large total mass, high A

JHEP 1408, 067 (2014)

a1 BayesFITS (2014)
« low energy threshold ) | N
. .| WIMP Expectations
ultra lOW background spin-independent interactions
 good signal / background e
discrimination = it
I i ab% 10%° |
We are dealing with . - S
- extremely low rates (O(1) Hz) wh s - f o
* extremely low thrgshol_ds (~2 keV) «'1 eventltonly ’ﬁ‘&iﬁi‘éﬂiﬁﬂi 2
« extremely low radioactive backgrounds | |
0] 0.5 mX (TeV; 1.5
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The U and Th Chains

Thaorium

y: 911 KeV (26.6 %)
Y: 969 ke (13.2 %)

' ACTINTUm
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Radium

rarcium

Y:92.4 kev (2.8'%9)| .-
Y: 92.8 keV (2.4 %)
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-
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Y: 609 keV (43%.8 %)

y: 238.63 KeV (44 %)

y: 1120 keV (14,1 %)

Elezli Matals

y: 1765 keV (147 %)
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y: 295 keV (17.7 %)

Alialine Earth Metals
Halogans

Matallcids

Noble Gases

Y#583 keV (30.4 %)
V: 2615 keV (35.6 %)

y: 352 keV (34.2 %)
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Transiton Mataly
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I Low-background Screening

@Z GeMSE JINST 11, P12017 (2016)
4\ SN \/uedes Al ;e$ Lak

Screening
Experiment

normal Pb
low-activity Pb

Supplier Detector  Unit TRa ®Th U Ra U K T7cs 1Co

Material z >

Metal £~

Lead Plombum Gator mBg/kg <69 < 0.52 < 260 <472 < 12 14(3) < 0.81 <011 O

" Lead Plombum LNGS mBg/kg <66 <1.6 < 130 <57 < 51 14(6) <21 < 1.1 iS]

Lead Foundaries Gator mBgkg <066 <042 <24 <071 <18 < 146 0.63(6) <0.11 Q

de Gentilly o

Lead Foundaries LNGS mBg/kg <39 <43 <33 <68 <20 <28 <085 <019 T

de Gentilly =)

Copper Norddeutsche  Gator pBg/kg  21(T) 21(7) 70(20) 700200 34 23(6) 2(1) ﬁ
Affinerie )

Copper Norddeutsche Gator mBg/kg <037 <033 <1 <037 <047 <13 <014  0.24(6) W

Affinerie S

‘

Stainless Steel NIRONIT LNGS mBg/kg <24 <1.0 <130 < 1.9 <20 10(4) < 0.9 8.5(9) N
316Ti (1.5 mm)

Identify materials with lowest radioactivity: Jumessed  NIRONTINGS mbgky <3 <lS i <27 <l <l 0B B0y

Stainless Steel NIRONIT Gator mBg/kg <41 <1.8 < 130 3.6(8) < 5.8 < 5.7 < 1.1 (1)
316Ti (3.0 mm)

® y-SDECtI’OmEtry USIﬂg HPGe Detectors SwinlessSeel  NIRONIT ~ INGS ~ mBgke <092 29(7) <20 <13 <13 <71 <08 1403)

316Ti (25 mm)

° maSS Spectrosco py: I C P_ M S : G D M S Screws 2-56 7/16” McMaster Gator mBg/kg  24(5) <21 <3550 <13 <25 <47 <35.1 6(2)

Plastic

(TT02) £

Polyethylene in2plastic Gator mBg/k; <54 <37 < 170 <51 <76 < 14 <1.7 <14
C n e utro n aCtIVatIO n a.n aIyS I S Pnl;elh;'lene inzglaslic Garor mBgka <43 <358 <220 <65 <99 <13 <21 < L7
222 . Polyethylene in2plastic LNGS mBg/kg <0094 <0.14 <38 023(5) <037 074y  0.06(3)
[ R t PTFE Maagtechnic  Gator mBg/kg <039 <016 <62 <031 < 0.28 <225 <013 <011
n e m an a IO n PTFE Maagtechnic  Gator mBg/kg <016 <010 <30 < 0.06 <0.13 <075 <007 <003
PTFE McMaster ICP-MS  mBg/kg 05(1) 05(1) 0.2535) 0255) 0011(2) <3.1
PTFE McMaster LNGS mBg/kg <18 <23 <36 <11 < 1.4 <76 <0.44
PTFE APT LNGS mBg/kg <015 <0.13 <12 <0.16 < (.59 3(1) <0.11  0.15(7)
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I Low-background Screening

‘?ZGeM G JINST 11, P12017 (2016)
@4\ N \/uc des Al ;E$ Laboratety ™ =2 L /2

Material and ||
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Meteorite ‘? O m‘i\le - S l |
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Identify materials with lowest radioactivity: 3 Hl IK

* y-spectrometry using HPGe Detectors g

* mass spectroscopy: ICP-MS, GDMS S "

 neutron activation analysis
* 222Rn emanation

TR
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Energy (keV)
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I Measuring Xenon Activation

EPJ C75, 485 (2015)

* study xenon activation by cosmic rays

 2.04 kg ultra-pure xenon activated
at Jungfraujoch for 345 days ww. i fj ungo. ch

* CR flux @3470m 11.2Xx higher than at sea level
— corresponds to >10 years sea-level exposure

e transport and cool-down times minimized

« gamma-ray spectra measured before and after
activation with Gator HPGe spectrometer @ LNGS

Goals: (i) identification of isotopes from activation

(i) comparison with activation codes
(Activia, Cosmo, TALYS)

(i) impact for dark matter searches?

22
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http://www.ifjungo.ch/

Xenon Activation: Results

6
L B EPJ C75, 485 (2015)
~— Xenon sample, pre-activation
N "“'Rh g #0c0 Xenon sample, post-activation
_: 101Rh 212ppy Pah
5 \ 208
i 7 @ (e'e TI214 :
£ 10 { Bi
2 ? @ Z2ac K 208
% : i /\ 12"“1-8 2148—
—i | i1 | I \
oI ,
500 1000 1500 2000 2500
Energy [keV]
Isotope Ty /9 Xenon: specific saturation activity at sea level Aq.¢ [pBq/kg]
[days] This work Literature values
- Measurement Calculations Measurement Calculation
S Isotopes detected Activia Cosmo LUX [47] TALYS [42]
'Be, **°l and **"Xe Be 53.3 3701240 6.4 6.4 s = .
are short-lived and 855y 64.8 <34 5.3 4.6 - ~ The majority of the
therefore uncritical 887r 83.4 < 52 6.7 4.6 = ~ calculated predlctlons
lmNb 62.0 < 1200 5.6 5.0 - are too low (rtalic font),
. 9 Rh 15.0 <120 8.3 8.2 126
101Rph- ) reement only for 26|
Rh: no single low-E 10lRp  1205.3 14201270 16.6 5.3 E 0.5 = EEIENL CMy e
electrons or y-rays 110m A g 252.0 <49 0.9 0.8 E =
113gn 115.0 < 55 51 47 = -
125Sh: produces single 1258p 986.0 5901250 0.2 19.5 - 0.5
121mTe 154.0 < 1200 299 276 — 135
low-E electrons . 123mpy, 119.7 < 610 14.7 14.4 - 140
- expected rate too high T261 p— 175+ T o B B
for LUX background TITY 301 =790 T 70 _ _
-~ removed by getters? 127X 36.4 1870+299 y15 555 1530 + 300 - Xe-isotopes: good
129m y e 8.89 < 87x 103 238 421 1360 + 250 agreement with LUX
181mygg 11.77 < 3.6 x 104 251 313 1620 + 370 -

M. Schumann (Freiburg) — Dir ' **Xe 525  <12x10° 159 196 1140 + 230 - 19
ey 6.47 < 120 166 164 = -
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Background Suppression

H>0 f Polyetiyiane

Avoid Backgrounds

Shielding
deep underground location
large shield (Pb, water, poly)
active veto (U, y coincidence)

self shielding — fiducialization

Pb _ /Iowradioattiwily:-‘b ]

z [mm]

Astropart. Phys. 35, 573 (2012)

Use of radiopure materials

Use knowledge about expected WIMP signal

WIMPs interact only once
— single scatter selection

requires some position resolution
Examples:

e scintillation pulse shape
 charge/light ratio
* ionization yield

WIMPs interact with target nuclei
— nuclear recoils
exploit different dE/dx from -
signal and background

M. Schumann (Freiburg) — Direct Dark Matter Searches 21



Direct WIMP Detection

Crystals (Nal, Ge, Si) Tracking:
Cryogenic Detectors I\Dﬂll?l\ill,:é\z DI\I>4E7\;I\:/’§
Liquid Noble Gases ,
CUORE NEWAGE
Superheated
Phonons Liquids:
SuperCDMS CRESST g:ﬁ/lgLE
EDELWEISS COSINUS
coceNT  Charge Light
Malbek DEAP-3600, CLEAN
XENON, LUX/LZ DAMA. KIMS
,[\),éwg ArDM, Panda-X XMASS, COSINE
(9as) DarkSide, DARWIN ANAIS, SABRE

too many experimental efforts to report on — you will see a biased selection

M. Schumann (Freiburg) — Direct Dark Matter Searches 22



The WIMP Parameter Space

spin-independent WIMP-nucleon interactions

1078 o coupling
= unknown
107 &
10% -
— 10* ;
E 42 =
S 10 E asymmetric
5 10% dark matter
coupling c%% 104 -
strength 2 1045 L
unknown @ = .o WIMPS
- (e_g_‘h‘om
10 -
10 |
1049_5 | | IIlIII] | | | IS I L JlIIll|
1 2 3456 810 20 3040 60 100 200 400 600 1000

WIMP mass [GeV/c?]

WIMP mass
unknown
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Detections? Exclusions?

spin-independent WIMP-nucleon interactions

f— f—
) ]
[ [
Ll ad
L= oo

—_—
e
&

CRESST-II

CRESST-II

- 10—41

10

SuperCDMS

Cross Section [cm?

= T|||| | Illm[ixl Illl'mlql |II|W|®I IIIIH"u‘I |ll|'||||L| IIIl'l'ﬂlwl ||I|T||| I II||W| IIIIIHI‘ Illlﬂ||| [ TTTH

10%

| IlIIII | | IIIlII| | | N I N T |

2 3 456 810 20 3040 60 100 200 400 600 1000
WIMP mass [GeV/c?]

some results are missing...
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Annual Modulation: DAMA/Libra

 PMTs coupled to Nal(TI) Scintillators @ LNGS
— extremely clean background necessary '

 large mass and exposure: 1.17 txy
* l[ooks for annual modulation

e DAMA finds annual modulation @ 9.3c CL
e BUT: no ER/NR discrimination!

Q
P
x

A el
"\:I Q L
B P oF &

= I 3r
@ & ) @ @
o o 2 4 keV o S oy
.

o)
%o

= : . DAMA/LIBRA =250 kg (1.04 tonxyr) | :

$ e L

SN NN N

é ._\,\]\%‘%’4 \"’/ i,]\}# L\t“}/ ‘”"i‘\j[ : \j?’r +\

E -0.04 | | i | S = So + .Sm (()"—»( (f — o))
=0/ =4 oo o 500 5000 o

EPJ C 73, 2648 (2013) Time (day)

interpretation as (spin-(in)dependent, inelastic) WIMP-
nucleon scattering challenged by many experiments
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sm (cpd/kg/keV)

what is here?

& =
o

=
J
L

0.025
-0.05 |

i

_+_

no modulation
above 6 keV

8 keVr (Na: QF~0.25)
22 keVr (I: QF~0.09)

b, 4
+ e 10 R L
T T w ¥ +‘

4 6 8 10
Energy (keV)
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Annual Modulation: DAMA/LIibra

 PMTs coupled to Nal(TI) Scintillators @ LNGS

— extremely cle
e large mass and
* looks for annual

an background necessary
exposure: 1.17 txy
modulation

e DAMA finds annual modulation @ 9.3c CL

* BUT: no ER/NR di

ke
P

sl o

({{\; i

sl
b

scrimination!

A el
G o +
.-"L . '1,' rl- C)

V
& B 8 2 I
&% 2-4 keV § o o

b
[
T

0.06

0.04 [ : |

0.0z

I)AM!\!I IBRA 250 kg (I.ﬂ:l tonxyr)

-0.04

Residuals (cpd/kg/keV)

H jiﬁr” \{/ j@/ N ) Jr\

q"‘-* SO+ Sm (OL’( (f-_ffl))

-0.06

EPJ C 73, 2648 (2013)

interpretation as (spin-(in)dependent, inelastic) WIMP-

nucleon scattering

M. Schumann (Freiburg) —

4C|""C LIDE 503:' :;‘CO
Time (day)

challenged by many experiments

Direct Dark Matter Searches

Reconcile DAMA/Libra with the
null-results from other experiments
assuming leptophilic dark matter?

- DAMA might see electronic recoils

Examples:
Axial-vector couplings:

Kopp et al., PRD 80, 083502 (2009)
Changet al., PRD 90, 015011 (2014)
Bell et al., PRD 90, 035027 (2014)
Mirror dark matter:
Foot, Int.J.Mod.Phys. A29, 1430013 (2014)
Luminous dark matter:
Feldstein et al., PRD 82, 075019 (2010)
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DAMA vs XENON

XENON100 @ LNGS

Astropart. Phys. 35, 573 (2012)

result from XMASS PLB759, 272 (2016)
— exposure comparable to DAMA
— result inconsistent with DAMA

M. Schumann (Freiburg) — Direct Dark Matter Searches

Science 349, 851 (2015)

DAMA/LIBRA

KENON100

Sep Mow Jan Mar
Mean electronic recoil energy (keV)
2 3 4 5 ] 7 8 ) 10
B Bt S [P : T

DAMA/LIBRA annually modulated
spactrum (2-6)keV interpreted as
leptophilic DM, axial-vector coupling

mirror DM
—— XENON10D 70 summer live days

o

Rate (counts/PE/tonne/day)

rTTrTrrrprroryrorTyrirTyorg
-

+

b T

i i L. i i A i L
] 5 10 15 20
51 (PE)

XENON100 excludes DAMA as being due to
— WIMP-e~ axial-vector couplings at 4.40

— luminous dark matter at 4.6c

— mirror dark matter at 3.6c
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DAMA vs XENON

Modulation PRL 118, 101101 (2017)

Detector Ezzsi- | el e | e T s iiltﬁi_?

Pressure [bar] £ o M_,:f{f-’%’ Fodst T Sueoisadiageaton ¢4 ‘ﬁﬁ ] dy | 0R0oNRR, ‘%* § *ﬂ'
E gpl T 1 Ry 00 i
Ay = I 4+ o0o OO0 pOeCx0

3 1%1@5:0.41{ 7 -EI-ATxOl(Room) I I R.MS:D.GK. B : : RMS:D.SK: 8
- FMs=4mE T -8 AT (GX FMS=%mE EMS=10mE 1

— 02k FMS=6uk T —#— AT (L}Ce) EMi=@0mE | FM3=10mK ]

Temperature [K] B Tt ::t} s goorts | o ﬁ% 5
= o:—m Sooss T %@M@ﬂ im% -:"“" BHESSS BOpE0GH -

AnaIySiS o ' I FLCtvIS=D.IZIl: g g Nowe mis- ID ace : FMS=D.019: T K : FEMS =027 ! '
g B FMs=0m9 T =+ Total cutace. FMS = 0.038 a1 FMS =0.045 1
i e 3 . e ??#——M?

Cuthcceptance  [opt T LSBT L g
S 0sf 1 ] :

Rate E\ 4r RMS/mem = 37%| __ ~+~ Eglgglgé?attﬂ rate RIMS.l‘mem= 43%. T RMS/mean = 35% |

Multiples % 2? _ {_ 7

(=background) ST -l- T _I_ +|H_ T -HJ _I_H_ -} _H
O T R P
- F.‘MShuean:l%: - Single- scatter rate RMS/men-57% | FMShuean = 34%
23 (2058 keV)

Singles % 4t _H__]__ e Eypected DAMAJ/LIBRA —_- .

(=signal) g o ‘l'.[.# i .hr H- ! i H :I‘Hl‘l’ _H ]l l
Dl o g | PRy

‘h

Ok A )
Dec/09 Mar/10 May/10 prf 11 TJul/1l  Oct/11  Jan/12  Apr/12 *7 Tul/13 Oct/13 Dec/13

Time [mm/yy]
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DAMA vs XENON

Modulation
Frequency [1/Days]

0.04 0.03 0.02 0.01 0.003 0.002
0F  __gumm  single scatter, low E 3
25 it signal region (2-6 keV) =
,}O:_ 2a (global) 3

v o _F 3
= ES:_" Tlo(global) T o =

10 i

i !
] B - 3

-~ Rundl multiple scatter, low E E

255 —Runl-II E
,}O:_ 2a (global) 3

v o _F : 3
e ES:'_' """""""""""""""" I6 (global) e N

10 E

Sk 3
WE T irgle scatter oW E :

F —Runll single scatter, low E E

25F  —RunI-IN g

O i s WS a2 i ANREUREE S U SRO p R

@ _F E
= ISE_ Io (global) E
10p E
S5E A

30 40 50 60 100 200
Period [Days]

300 400

M. Schumann (Freiburg) — Direct Dark Matter Searches

PRL 118, 101101 (2017)

Phase [Days]

e additional data improves upon
previous analysis PRL 115, 091302 (2015)

* no significant modulation observed

oy SO i [ .1 ) 2 A LI U 0 LR I
= 12 . Expected —
< & ‘ :
L + DAMA/LIBRA
2 10 : -
§ | XENON100 : ]
2 s [JRunI-1I S =
) P e + phase from 2
S 0 1 1
3 GE LgRind : DM halo -
) E ' i
B LE e, 2
— 4_ " ",1 p—
R = Y i
g | i :
E— 2 :— < "_'_-_-.-:_._;-_.:.:-_-;_._':‘:j‘ i ; _:
éﬂ_t ....... e ———— 1 1]
40 60 80 100 120 140 160 180 200 220

« Dark matter explanation of DAMA/LIBRA

signal excluded @ 5.7c
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I New Nal Projects to test DAMA

aim at testing the DAMA claim using the same target/detector
— main challenges: crystal purity, low threshold, target mass

SABRE NIM A 845, 418 (2017)
Sodium-iodine with Active Background REjection

Strategy:

* lower background: better crystals v, PMTs
* liguid scintillator veto against “°K (factor 10)
* lower threshold (PMTs directly coupled to Nal)
 North (LNGS) and South (Australia) e

02 s

2l DAMA observed

Rate (cpd/kg/keV_ )

SABRE expected

A e L et p D S A S i bttt

00_ 1 1 1 2' ; é 1 L é Ll L 1|0 1
Energy (keV)

 Status: proof-of-principle prepared at LNGS (5 kg)

Veto vessel

w/ scintillator DM-Ice: 17 kg @ South Pole
>~ arxiv:1602.05939
Detector

modue  COSINE = KIMS+DM-Ice
~100 kg @ Yangyang — start soon

Ve PMTs  ANAIS: 112 kg @ Canfranc
— background ~2-3x DAMA

COSINUS Ré&D: EPJ C 76, 441 (2016)
Nal with bolometric+light readout

PMT

Crystal

PMT
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Cryogenic Detectors

measure charge and heat (phonons) in crystals: SuperCDMS @ SNOLAB

E deposition — temperature rise AT _
« selected by NSF-DOE downselection

— requires detecors at mK temperatures « ~50 kg (upgrade to 400 kg possible)

* low threshold
— focus on 1-10 GeV/c? mass range

 deeper lab, better materials & shield,
improved resolution, electronics, ...

* 100 x 33.3 mm IZPs (1.4 kg Ge, 0.6 kg Si)
First results on low-mass WIMPs

-39
510 T R (SR R A T

To

w

—
On

T-sensor Absorber

A

S
=
T
1
, =)
o
WIMP-nucleon cross section [pb]

Crystals: Ge, (Si) cooled to few mK
— low heat capacity 4
— AT ~uK (- TES)

cDMslite

N
n
»

(b102) 20STHZ ‘2TT 14d

WIMP-nucleon cross section [cm

—

o
=

[~]

&

=

P | 1

— —

=) o

lonization

Very good discrimination
- BUT: need to reject
surface events

£
(%)
g
w
o
o
-4
a
-~

107 ¢ 410

-44 1 1 1 | | 1 1 -8
10 3 4 5 6 7 8910 20 Sd 0
WIMP mass [GeV/c?]

Sensitivity Study: arXiv:1610.00006
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EDELWEISS-III

 operating 20 kg of Ge detectors in Modane Lab (F)
» 800 g Ge crystals measure ionization and heat (NTD sensors)

apply small voltage to extract charge

* interdigitized electrodes: fiducialization (~600 g)
* simultaneous measurement allows for NR/ER discrimination

3.0 Combination - 5.0 GeV

. Events in RO JCAP 05:'. 019 (.2..016):
55| ®*® Strong fiducial cut " b o ". "

" |l o®@ BDT output > Cut * - " < .
5 20 o J*. ceq. ™ 9 observed
g w . . %« 6expected
€ 15 % =¥ . &
U e
E 1.0

0.5

0.0} ----

' .
. % .
A S

1.0 15 2.0 2.5 3.0
Heat energy (keVee)

* new low-threshold result: 8 detectors with lowest thresholds (2.5-20 keVnr)

— no statistically significant excess
- 40X better limit than EDW-Il @ 5 GeV/c2  BDT: JCAP 05, 019 (2016)
PL: EPJC 76, 548 (2016)
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Ge | Si: Status and Prospects

spin-independent WIMP-nucleon interactions

f—t
o
[

2

oo

‘ N DAMIC
10_39 E | ‘-‘ DAMA/
104{] = \\ CRESST-II
\ - \ : DAMA/Na
— 1041 g a [DELWEISS 2017 \\ /
NE = —— \ \
] l(}42 M .\ \ > CRESST-I
g 10_43 i SuperCDMS (C N e
= § :: — — %\“ \'ﬁ EDpy WErsy — e S0
&83 10—44 e (::1_'.1.[_‘:- - \\ N "’ﬁm- e e — —— o
= . PandaX
2 104 - b
o =
- —
U 10—46 :?
104
10 |
1049? I Lo I oo I I T T B A
1 2. 3456 310 20 3040 60 100 200 400 600 1000

WIMP mass [GeV/c?]

some projects are missing...
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Time for a short break...

SEMINAR REFRESHMENTS!

Caffeine More _ Carbe
1 Caffeine  Sugar  Straight C;rfaﬁ
L For your "Up SUGST SUGRC  came

Catheine /
::- p r:*.-i'ﬂ- ¢ ‘ ol

Nothing says "We are confident this seminar will be intellectvally
stimulating for you”like a table full of things to help you stay awake.

JORGE CHAM @ 2013
WWW.PHDCOMICS. COM



Liquid Noble Gases: Detector Concepts

Single Phase Detector

PMT

~~~~~

liquid
target

-

Amplitude
lh
=

Time
+ no high voltage, very high light yield
— O(cm) resolution, no double scatter rejection

35



Noble Gas: Single Phase Detectors

XMASS @ Kamioka (JP) LXe DEAP-3600 @ SNOLAB (CA) LAr
— 832 kg LXe target, 642 PMTs — light pulse-shape for discrimination
— very high light yield, low threshold (0.5 keVee) 3x10® achived in 43-86 keVee

BUT: no possibility to reject NRs — prediction: 10-1° above 15 keVee in DEAP-3600
— many results: summary: arXiv:1506.08939 — 3.6t liquid argon target;

high 3°Ar background when using "*Ar (~1 Bg/kg)

— background reduced after commissioning run — data taking right now... high light yield,

— stable data taking since >2 years — results expected in spring 2017
— plans towards XMASS-1.5t and XMASS-II (24t) — sensitivity: 110 cm2 @ 100 GeV/c?

Calibrations tube;ixa) dfloese f#\  Water tank
(AmBe, 5000n/8)” e | N

with liner

Magnetlc field: TP - -,
compensatiqf ctmjs lx4)“ L A

F. Retiere (LIDINE 2015)
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Noble Gas: Single Phase Detectors

XMASS @ Kamioka (JP) LXe

— 832 kg LXe target, 642 PMTs
— very high light yield, low threshold (0.5 keVee)
BUT: no possibility to reject NRs

DEAP-3600 @ SNOLAB (CA) LAr

— light pulse-shape for discrimination
3x10-® achived in 43-86 keVee
— prediction: 10° above 15 keVee in DEAP-3600

Time [ns]

N 0.05 | | | , Astropart. Phys. 85, 23 (2016)
nat _
g O T (keV ) g "*Ar (-1 Batkg)
e | ] N LAr...
3 MF i SeV/c?
- E 0.15 |
02 |- Nuclear Recoils —
0.5 : : ' : . Water tank
' ' ' (M with liner
| g ST :
= WWW _
< 005 | .
g rﬂ —
o B
g Pl \ S
g Electronic Recoils D.||||.| \ 5
e , ; 0 50 100 150 200 250 300 350 400 450 50 ({%
0 1000 2000 3000 4000 50 Number of photoelectrons _ E
D
D
@
w
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Why Xenon?

! —— Ordnungszahl
+ scintillation light in VUV (178nm) gz € Fsymoo o A N ALTR
=E 12.01 O Nichtmetall 5 [ & 7 5 | 9
? 3;:1 gg L— Atommasse e 10.331 12(.51 15.10.1 180 150‘0
11 12 13 14 15 16 17
Na (M Al | 8i P (S |Cl

+ high mass number A~131 HaMEl, . s o 5 s o 0 pop MSLIEIS IO

F0 21 2 33 F4 I5

SI " h I g h WI M P rate @ IOW th eS hOI d 5940 | 40.05 || 44.96 | 4755 | S0.94 | 5200 | 54.94 | 55.65 | 5595 | 55.69 | 65.55 | 6559 | 6972 | 7261 [ T4.92 | 7E6 | T
. End =5 2] 40 41 EF ES] 44 45 45 47 45 45 =0 =1 =
Y £ Sh

4 K|Ca|Sc|Ti| V |[Cr Mn|Fe|Co|Ni |[Cu|Zn |Ga|Ge|As|Se | B
i
5

+ hlgh Z=54, hlgh p~3 kg/| 6 C_s Bé; f.h ﬁ_f f_a w Re Os | Ir Pt A:i.x Hg Ti P Bii P§ ANGo

self shielding, compact detector (o e L el e e | L
+ 50% odd isotopes P I i L L
+ "easy" cryogenics @ —100°C
+ scalability to larger detectors

+ no long lived Xe isotopes
Kr-85 can be removed to below ppt level

+ background discrimination
when measuring light and charge

Xenon
Germanium |
A2 Argon |
Silicon |

-
D.

-
L=
o

form factor

Diff. rate [events/(kg d keV)]

— expensive
— only fair background rejection

-4
10
my=100 GeV/c?

© W 20 3 4 50 & 70 80
Recoil energy [keVr]
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Dual Phase TPC

g <+
&= 87
| & =
d ¥ ] | ¥ ]
= o 8
|l =
=) =
JeE &
|3 4
1 =}
- | =
L ] .2
s ]
It Jeo
—_— e
= =34
L 1=
._.../_
7 _____7_______ _7 | 1
7y [ prmogngige
= - o <
.0 = =
> ———= [A] opmandury
] Jnz
] 123
o 1 L)
= 1 E
| ol
4 I4T
I=) HS.
1= =
— |4
— 1 Je
N . N
il T
r— | ._..J
1
1=
____,______,_________0 h%
] gl — wy =
= - = <=
=

[
[A] opmndwry

E~1 kV/cm

pos HV
e

(o)}
™

M. Schumann (Freiburg) — Dire®”.




Dual Phase TPC

Top e Bottom S1[PE]

log (SQb/S 1)-ER mean

R
BSeS %
o ATEeRl %
N 3 0im vertex
@ - ‘llll“h. .\‘\'\“\’\'\"\’1'4’\‘\‘\"\;\\“i\L\\‘\‘\\"\\'\\"\\\\
_ reconstruction 127 10 15 20 . 23 ) \;0 35 a0 a5 50
2 02 ape Astropart. Phys. 35, 573 (2012) nerey [kevi]
[} E .= . 1.0 —
E 015 S2:459.7PE multi-scatter rER
EL wuE rejection 08| charge signal S2
0.05— 151 08— . .
E |- S ¥ N - light signal S1
0 A R R SR RPN AR R R =~ -
0 3 100 150 200 250 300 350 700 % 04
0\ \ Time [ps] T
= 02—
> 0‘2i g L
%015: <un_ J-v—v—er—r‘r
2 b 175 1) 185 190 195 200 205 241 215
E“ [ 04—
& ol FNR
01)5:— g_z:_
0 . s . | ‘ n.o: L
T TR 1T ST T PR Y. 165 170 175 180 185 190 195 200 205 210
Time [ps] Time (us)
Figures from XENON100
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Existing dual phase detectors

PandaX-ll @ CJPL cN) %€ LUX @ SURF (USA) LX€ " parkside-50 @ LNGS (71, A
PRL 117, 121303 (2016) PRL 118, 021303 (2017) PRD 93, 081101 (2016)

- 60cmXx60cm, 500 kg target - 48cmx48cm, 251 kg target - 46 kg LAr, which is

- 2" largest operational LXe TPC - in-situ NR calibration studies %Ar-depleted by a factor 1400

arXiv:1608.05381 - 71d><37kg exposure

New result July 2016: New result July 2016 I - no event in ROI
- combines data from 2 runs - 332d exposure: . : - taking data
(®°Kr differs by factor 10) 3.4x10* kgxd _
- 3.3x10% kgxd = 0.1 txy exposure = 0.1 txy 7
- no signal excess - no signal excess L 9
- best limit above ~4.5 GeV/c? - 2.2%10-% cm?2 7
- still taking data 50 GeV/c2 : _1\&,?
aim for 2 years ; @ q e
of data - SIOppe S

Sl

N Enerqgy [kevnr]
38+ 20 40 60 80 100 120 140 160 180 200
: g 1 e e a T a aaaaaay
-
3.6 0.9 !
M |29 WIMP Search Region
e " . 0.8
Tz -, A — 34
3 A RE T =) 0.7
o ls ©e ’ =
= Tl vl
5] o C T, S 32 05
1) . ® N
N e RN g
- N D S 0.58
w I o § =
~ L 2 8t § 0.4/F
2 - 0.30
ol : 2.6F H
@’a 1f- 0.2
%u i/\\‘ 24 01
- B H—\-—— 3
0.50% ; ' ; L= ‘ : & i i ' ‘ 3 O T00Ts0 00 350300 3s0 00 as0
’ 5 10 15 20 25 30 35 40 45 0 10 20 30 40 0
LX S1 x,y.z corrected [PE] SI (phd) 50 PE ~ 25 keVr sl [PE]

XENON2100 @ LNGS (IT) New: 447 live days PRD 94, 122001 (2016) low-mass WIMPS PRD 94, 092001 (2016)
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High WIMP-masses TPC dominated

I |—> >4.5 GeV/c?

spin-independent WIMP-nucleon interactions

10* =
= N DAMIC
107 & :
= ‘ DAMA/
10_4{] _g \‘\\ COMS-5 CRESST-II
E \ = . DAMA/Na
— 10* | \ B, | /
= S
g 10_42 E_ CRESST-II
‘;‘ E I SuperCDMS
Q 10 | | B T
3 104k T
v = | i
% 10_45 E LUX
2 = I —_—
U 10—46 :? I
1047 = |
10 | |
1049_? 1 Lo 1 oo I I R R B B
1 2. 3436 810 20 3040 60 100 200 400 600 1000

WIMP mass [GeV/c?]

some projects are missing...
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XENON1IT @ LNGS ®¢

XENON

Matter Project
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XENON1T @ LNGS X@
,

Matter Project
Water Cerenkov Shleld
JINST 9, P11006 (2014)

- 9.6m diameter, 10m height
- external y, neutrons irrelevant
- muon induced NRs irrelevant

— dominating background of
XENONLALT will be intrinsic

10-10 M
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XENON

Matter Project

JINST 8, P04026 (2013)
EPJ C 75, 546 (2015)

Low-background PMT developed with Hamamatsu

g I ns .. 100

_,g L U Cs . Ag “K 15x R11410-21
Mn

= 31 gl}.L . . - Background

2 10 EA | lul e 'Co | » - <
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Extensive pre-testing/characterization campaign
_arXiv:1609.01654
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Hamamatsu R11410-21

I PMTs

TPC Data Acquisition, Electronics

low threshold

— high throughput (>300 MB/s achieved — 0.8 TB/d):

Parallel, trigger-less readout:

raw data — database — software trigger — file

L j inhibit
veto
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Xe

IXENON

Matter Project




XENON1T Ne

XENON

Matter Project

- largest LXe TPC ever built |
cylinder: 96 cm -
active LXe target: 2.0t (3.2t total)

- 248 PMTs

" - operating: started science run
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XENONILT Performance  BNE

XENON

Mattar Project

Water shield continuously filled since Summer...

Rate

Water Level [m]

07)14 07)16 07}18 07}20 07/22 07/24 07/26
Date [month/day]
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XENONAIT Performance

Water shield continuously filled since Summer...

Cerenkov detector sees muons...

i
(=2]
S
(=]

15800

ADGC Channel

15600

15400

Area [pe]

15200

15000

14800

14600

_III|III||II|III|III|III|III||||

14400

—
[=2]
(=]

Water Level

07/14 07/16 07}18 07/20
Date [month/day]
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07}22

07/24

©

XENON

Mattar Project
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XENONILT Performance  BNE

XENON

Matter Project

Recording light (S1) and light signals (S2) from the entire detector

700} 1500} ] 0
2 BOOf S1: light £ S2: charge
& 508r & 1000} |
o 400 >
E ool 2 500 .
3 200/ = -
g 100 g / 10¢
O I \ n ek Fi n I: 0 n n L 1
0.2 0.3 0.A\0.5 0.6 0.7 0.8 0.9 1.0 248 250 P52 254 256 258 =
\—ime (us) +1.002e2 ‘yl?me (us) E f
T T T T T T ) %
1500} single scatter interactién B g
:E 1000} 10
:é 500 |
g
0
0 50 100 150 200 250 300 350 ) S0 A
Time (us) R (cm)
Calibration: external (**’Cs, AmBe), internal (33mKr, 2°Rn)
104
100 CS137: samK Backgrounds

preliminary S1+S2 energy scale

fij2 = 156 + 1 ns (stat) » material background low,

self-shielding effective

3
80 10

3 “‘I‘_i“‘ .
. ﬁ it 510 « 22Rn background agrees
" | with predictions
. * « online removal of &Kr
" via cryogenic distillation
00 00 mgnergy [Ke\f]oo o0 o0 600 800 10(;(; Tir:]queOé)iﬁeigr?é)e (nls?OO 1800 2000 Ve ry SUCCGSSfUI
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XENON

I Background: Electronic Recoils Xe

1073

S
L

107

1078

ER Rate [(kg - day -keV) ']

[
o
4

1000 kg fiducial target

; Total
;’ 22p

; 136%e
_:h_ materials Kr
—T] — '

E solar v
| | | | | |

0 50 100 150

Electronic Recoil Energy [keV]

Assumed contamination:
222Rn: 10 puBg/kg

natKr: 0.2 ppt

136X e: 8.9% natural abundance

M. Schumann (Freiburg) — Direct Dark Matter Searches

10~

107

107

10°°

JCAP 04, 027 (2016) Matter Project

1-12 keV interval

| \ | I\IHII‘ l\ \IIHH‘

| | | | ‘ | | ‘ | |
600 800 1000 1200 1400 1600 1800

Fiducial Mass [kg]

Electronic Recoilsj] Nuclear Recoils
(gamma, beta) (neutron, WIMPS)




I Background: Electronic Recoils X@

JCAP 04, 027 (201 6) Matter Project

different boiling points of Xe and Kr

o —removal of Kr by cryogenic distillation
1000 kg fiducial t ;

— 107 ¢ — achieved reduction factor ~5x10°
'; - — exceeds the design goal of 10
2 0 =1 column has already delivered a e T
> - concentration of <0.026 ppt = 2.6 101 s, 5 - Hit
T K - better than required for XENONLT e £
L B — L VAl
R
g0
(a4 R
= —7 i |

0% 50 |

Electronic Recoil Energy [keV] Fiducial Mass [kg]

Assumed contamination;

Electronic Recoilsj] Nuclear Recoils
(gamma, beta) (neutron, WIMPS)
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I Background: Electronic Recoils E5&

JCAP 04, 027 (2016) Matter Project

iiis

different boiling points of Xe and Kr

S —removal of Kr by cryogenic distillation
1000 kg fiducial t

— 107 ¢ — achieved reduction factor ~5x10°
'; - — exceeds the design goal of 10
2= column has already delivered a
> - concentration of <0.026 ppt = 2.6 xX10 s
° 1075 B 85K — better than required for XENON1T
g BT —=
° - NEW: online distillation
E 10_6 = 10% — : : : ' . : :
z = 1]
1070 50 10| Rl : :° 3 :
v . = o @ E 5 E E
Electronic Recoil Er ' a & .§& &*32 2
g i g ;
= &
o 107
. S
Assumed contaminatic & ‘
ol lowest "Kr concentration
ever achieved in LXe
. dark matter detector —4
10° . .
N W v i o ¥ & p® W 9 o = > oe® A 5 e » o ot \° » o \° Q@Y\o\l ab 5 e o
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Background: Nuclear Recoils Xe

102
10~
10
10~
10°
107
10
10"

NR Rate [(kg - day - keV)"]

107"
ln—ll

XENON

JCAP 04, 027 (2016) Matter Project

"I CNNS

Lt

= Reservoir

_?\

L radiogenic ]
— cosmogenic M
E ~—

— e

0 10 /20 30 40 50 60 70
Nuclear Recoil Energy [keV]

Muon veto design and performance:
JINST 9, P11006 (2014)
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Electronic Recoils
(gamma, beta)

material screening, e.qg.
EPJ C 75, 546 (2015)

Nuclear Recoils
(neutron, WIMPS)




XENONILT Sensitivity — [A%e

XENON
JCAP 04, 027 (2016) Matter Project

based on detailed background predictions, 2 tXy exposure:

=39
10 E\ — DAMANa XENONIT Sensitivity
107 S DT g Bl 00% L)
10—41 ) * 2 o expected
C\E 10—42
Q
— 10—43
=
Q
—45
A 107k
O 10 o
= need only few weeks of data
100%e |\ to reach current best sensitivity
10_49%|1||\\T"—T"T'-:'T/|||| | | IIIIII| | | | I |
6 10 20 30 100 20 1000 2000 10000

WIMP mass [GeV/c?]

assumptions: energy interval: 4 — 50 keVr, ER rejection as XENON100: 99.5% @ 50% NR acc.
— expected LY is 2x higher than in XENONZ100!
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XENON1IT — XENONnT PRYE

XENON
JCAP 04, 027 (2016) Matter Project
XENONI1T XENONNT e r— f
- 2t active LXe target - 6t active target
- operating - projected to start
- science run started in 2018

Already existing:

* Muon Veto

—B ° Cryostat Support
&« Outer Cryostat

=+ in-LXe Cabling

& ° LXe storage system

&=« Cryogenic system

E ° Purification system

 Kr removal

= . DAQ

» 95% of Electronics

: * Calibration System

& « >300 PMTs

& ° ~8tof LXe

» Screening Facilities

e dedicated nT funding

TR
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LZ - LUX/ZEPLIN

arXiv:1509.02910

LXe

Instrumentation conduits

e LZ = LUX+ZEPLIN
selected by 2014
US DOE-NSF downselection _

High voltage

* to be installed @ SURF (USA) feedthrough
* 50% larger than LUX

10t total LXe mass,
7t active target, o DD medtron
5.6t fiducial target calibration

. 488 R11410 PMTs Foneuts

« 2015: started procurement of 120ue
xenon gas, PMTs, ...
04/2020:. end of construction

e goal: 2x10* cm? @ ~50 GeV/c?

after 15 tXy exposure 7 tonne liquid xenon time 488 photomultiplier tubes (PMTs)
projection chamber Additional 180 “skin” PMTs

Water tank

Gadolinium-loaded
— liquid scintillator
5 veto

Liquid xenon
. heat
= exchanger
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XENONNT

: Sensitivity vs. time

1 0_44 T ' ; T ‘ - T : : ‘ :
i FC sensitivity estimate @ ~50 GeV/c? |
(conservative, no background subtraction) |
XENONIT |
1 0—45 %
— ‘= XENONNT
2 a LZ
S -
-46 \ i . o
g 10 \ \ iIncrease sensitivity by
2 \ '{'ﬁ an order of magnitude
6 \\\"\.,___“ \k\‘
104 )
10~ 48| | | | | | | | | | “‘::::::::::::;‘:::;:,1.__
2016 2018 2020 2022 2024
Year

LZ information taken from: https://idm2016.shef.ac.uk/indico/event/O/contribution/69/material/slides/0.pdf
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XENON Science Goals Ne

XENON

Matter Project

spin-independent WIMP-nucleon interactions
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I Dark Matter Searches: The Future

10—38

10—45
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o
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M. Schumann (Freiburg) —

spin-independent WIMP-nucleon interactions
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some projects are missing...
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I Dark Matter Searches: The Limit

spin-independent WIMP-nucleon interactions

10—38

CRESST-II

CRESST-II

SuperCDMS

10—43

| IlIIII | 1 IIIlIIl 1 | S Y ] (5 O |
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some projects are missing...
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I Dark Matter Searches: The Limit

|

p— e e

0—45

a— o}
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JCAP 01, 044 (2014)

v: Sum WIMP 6 GeV/c ~

v:hep “*-.

.
_— _._.‘_:_

Rate [evts xt! x y! xkeV™]
S
: IT‘[ T TTTI

.\ Energy [keV]
~ : :
: .\~ Interactions from coherent neutrino-nucleus
,heutrino floor N ) ) :
PRD 89, 023524 (2014) ~ . scattering (CNNS) will dominate
- ultimate background for direct detection
I | PR I I L \,j;".
2 3456 810 20 . Pk
WIMP n B s

Z boson\‘@
—c;
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DARWIN
DARWIN The ultimate WIMP Detector = -

o

spin-independent WIMP-nucleon interactions

107° e
10% -
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_10* "? /
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c%%’ 10 & Exposure
210" < 0.1txy
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- <€+—200 tX
10 5 AR\N\N i
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some projects are missing...
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I DARWIN The ultimate WIMP Detector

High-voltage

feedthrough ™.
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central dark
matter target
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array
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M. Schumann (Freiburg) — Direct Dark Matter Searches

DARWIN

JCAP 11, 017 (2016) +
LXe

* aim at sensitivity of a few 10™*° cm2,
limited by irreducible v-backgrounds

* international consortium, 21 groups
- R&D ongoing

Baseline scenario
~50t total LXe mass
~40 t LXe TPC

~30 t fiducial mass

* Timescale: start after XENONNT

www. dar Wi n- observatory. org
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Backgrounds

hhlgh E neutrlnosl -;_._jn_ g background sources:

pp+7Be n'eutrlnos —; _tNB Slgnlaktur?k\k O S "" '*EP\‘ ‘¢ ERS and NRs)
-~ ER signature G PR Sty

u
~~ / "«.I.' s

neutrons from LN . N :
(a,n) and sf " Electronic Recoils Nuclear Recoils

(gamma, beta) (neutron, WIMPS)

only single scatters



Backgrounds

All relevant backgrounds are considered:

Source Rate Spectrum Comment

[events/ (t-y-keVxx)|
~y-rays materials 0.054 flat assumptions as discussed in text
neutrons” 3.8x107° exp. decrease average of [5.0-20.5] keVnr interval
intrinsic *°Kr 1.44 flat assume 0.1 ppt of "'Kr
intrinsic 222Rn 0.35 flat assume 0.1 uBq/kg of 222Rn
2v303 of 136Xe 0.73 linear rise average of |2-10] keVee interval
pp- and ‘Be v 3.25 flat details see [19]
CNNS* 0.0022 real average of [4.0-20.5] keVnr interval

HDARWIN

¥

JCAP 10, 016 (2015)

8Kr: 2x below XENONLIT design
(0.03 ppt achieved: EPJ C 74 (2014) 2746)

222Rn: 100x below XENONI1T design
136X e: assume natural xenon

consider all relevant neutrinos

3.5
= - 8 ER background eXposure. 200 t x y
3 0 pp+'Be neutrinos - . _
e UL T at rejection levels >99.95%,
Q250 low-E solar neutrinos 2 6L NRs from CNNS dominate
= - dominate ER backgrounds r.% -
j 2-0:_ 2vBp —g 5?\ solar neutrinos
> - / = 4 . -t NR background
% 1= = . ~ Acc=50%
e = B5 =10} i----------------------:“"_:.:‘:‘ -----------------------------------------------
= - Kr % 3 s Acc=40%
8 1.0 S et = e
3 C [an] B Acc=30%
a7 - 2= g
0.5 *Rn T St
= . 1=
0 A—v—l‘—r—v—l—f" e e s s o il e e ] i _'_l_'_ll'ﬂfﬁd_hi'__ E A I c A A O S S R I
' 2 4 6 8 10 12 14 99.75 99.8 99.85 99.9

Energy [keVee]
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ER Rejection [%]
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L DARWIN
DARWIN WIMP Sensitivity -~ -

JCAP 10, 016 (2015)
« exposure: 200t X y; all backgrounds included
e likelihood analysis

* 99.98% ER rejection @ 30% NR acceptance,
S1+S2 combined energy scale, LY=8 PE/keV, 5-35 keVnr energy window

spin-independent couplings spin-dependent couplings (n-only)
10" g - - — -
m'*‘;— Ealll N L
NE E 5_ ______
el o C
2 F 3
S 10vL -
] “'}—'1-3:_ g_‘_-.-----—-— —— R Ll
s e R
10+ ;_ % """""""""""""""""""""""
E o+ 1 1 Lol | ] I N A A | “-}4.'_‘ bl ] Lol ] Lol 1 T N B B
10 107 10° 10 10 Qm-* 10*
WIMP mass [GeV/c?] WIMP mass [GeV/c7]
200 txy: 0 <2.5x 10 cm2 @ 40 GeV/c? excellent complementarity to LHC searches
'

Phys.Dark Univ. 9-10, 51 (2015).
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SUSY Dark Matter

plots: Sven Heinemeyer (MasterCode 2015)
SUSY under pressure because not found at LHC?

— true for some very constraint models (CMSSM etc.) but looks different
when more parameters are left unconstrained

Example: pMSSM10 ~ 10 SUSY parameters, e.g. EPJ C75, 422 (2015)

*  — — pMSSM10: best fit, 10, 20 10_41 * —— — pMSSM10 w LHCS8: best fit, 1o, 20
700} S current LHC limits - ol masgéﬁme)_
as HL-LHC prospects 10 .
T 10'43 L v
104}
£ 107}
9]
5. 107
1
v s i
1078 |
': 10-49 L
| . - 1050 L—
0 500 1000 1500 2000 10°
m;: [GeV]
o~ m.
neutralino chargino

WIMP out of reach of HL-LHC (best-fit regions not covered), but accessible by DARWIN
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_ DARWIN
WIMP Detection —

ER-like _ .
(background) ] _‘.,.'., R AP I .. ot g0 T |
A = L aguirticanna s de QIR G SG RO SRy oty 2%l solar neutrinos,
A L v L TR AN T A «,; 85Kr, 222Rn,
% ol a8 2V[3[0, materials
. .. . E B S 4 ) t 2 M
discrimination "' -2 L Tt ) 4
variable; — s -t :_ SRR MR IR
based on S2/S1 2 E AT AT R = . . .
i —4 ! ®y o* ** . *
- B -. . » *
‘E | m *" . . . ®
E -6 /0%, \ WIMP: 30 GeV/c2, 0=2X10"* cm?
y ~ a 27 signal events in box
- 1 _ _I-I 1 1 | 1 1 1 1 | | I I | | | I I | | 1 1 1 1 | | I I | | | I I | | | I | |
(I,:,IiR A'EIG)’ % 5 10 15 20 25 30 35 40
9 Energy [keVnr]|
reconstructed energy,
CNNS+neutrons

based on S1 and S2 signal
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WIMP Spectroscopy

Reconstruction: 2x10~% cm?2

g
200 txy

10"

-

Cross Section [cm™]

|IIIII| T TTTT |||||m| I|IIII|'|'| TTImm 1T [T

L0} e ’ n?
WIMP mass [GeV/c”]

JCAP 11, 017 (2016)

Capability to reconstruct WIMP parameters
- m =20, 100, 500 GeV/c?

e 10/20 CI, marginalized over
astrophysical parameters

* due to flat WIMP spectra, no target can
reconstruct masses >500 GeV/c?

M. Schumann (Freiburg) — Direct Dark Matter Searches

DARWIN

o

Target Complementarity

7x10™% -

n p“=U.4 GeV/c’ Xenon (5txy)
5x10% = v.=544 km/s Germanium (3txy)
4x107 - v,=230 kny/s Argon (10txy)
— 3107 =
g
2 2x10* |-
=}
=
3
A 1x10 —
[#5]
@ C
2 Tl -
U =
5x107% - B x
4x107 - Xe+Ge
310740 - Xe+Ge+Ar
2><10-46 1 1 1 L 1 1 I I [ N N |
20 30 40 50 100 200 300 400500 1000

WIMP mass [GeV/c?|
PRD 83, 083505 (2011)

Reconstruction improves considerably
by adding Ge-data to Xe.

Only minimal improvement for Ar.
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DARWIN
DARWIN The ultimate WIMP Detector = -

¥

“-....Connection to cryogenics,
s purification, data acquisition
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Interactions in LXe Detectors

oafen e s e L Lt st L | scattering off atomic electrons,
e g 2 AT 2z excitations etc.
- electronic recoll

g
0.2
0.0

e rare processes detectable

if ER background is low
-0.4

b

coherent scattering
off xenon nucleus
— nuclear recoll

 Dark Matter
* CNNS

(82 /S1)-ER mean
o

0

1
~
>

log

-0.8

-1.0

+
4t L
+ + o+
f.

'+

_1 2 ] || ";l‘ |+"I '|+ | |‘I' | ‘I++I ] ‘4 | | L | r [ | il L | | | | | | 'I I‘ |-I -
’ 10 15 20 25 30 35 40 45 50
Energy [keVnr]

Many science channels are accessible
with a multi-ton DARWIN detector thanks to
its extremly low ER background.
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DARWIN

Solar Axions, Dark Matter ALPs * -

JCAP 11, 017 (2016)

u £ 107 — -
= - Galactic ALPs
e ey L EDELWEISS 10 o
10 = o  [Eeesssemee
o : XENONTO { 107" XENON100
ER - 5 =2 =
&0 il i =T ,
- 16+ DEL WEIS!
* 10°E" ~ A Y~ DARWIN o
— — — —— — — — — — ———— - —— —— — = lD-H -
:Redgmnt ] R ) -#,-"_—'_'—EZRWIN
]{]—]% — 1 11 IJIII] 1 1 IIIIII.| 1 1 IIIIIll 1 1 ||||||| 1 1 1 18111 ]0-]'—1 L 1 1 |‘_-|. 1 1 1 | 1 L
107 10* 10° 107 107! | | 2 3 4 56 78910 20 30 40

m, [keV/c’]

|

Axions and ALPs couple to xenon
via axio-electric-effect

2 2
gae® 3Ea Ba
7ae(Ea) = ope(Ea) Ba 16T am.? (1 B _)

/

— axion ionizes a Xe atom

M. Schumann (Freiburg) — Direct Dark Matter Searches

m, [keV/c?]

Axion

arises naturally in the Peccei-Quinn solution
of the strong CP-problem

— well-motivated dark matter candidate

Axion-like particle (ALP)
generalization of the axion concept,
but without addressing strong CP problem

(ALPs = Nambu-Goldstone bosons from breaking of some global symmetry)
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Low-E solar Neutrinos

o 200,000 years

Low-energy solar Neutrinos: pp, 'Be

— vast majority of solar neutrinos;

help to understand how the Sun works
- very low energetic, hard to detect
— mainly pp-neutrinos

P : o
7 102 H{;al o II—* Cl | . i—ﬁll'lKamiuk.:-Im:c‘le ) pep-v E
i ! 1 p+p—o°‘H+e prp+e a27H+ v, g
B 3 @
(5] 10 = | 99.8% 0.2% ..
w10 31 * )
L - 5 >
= e p+“H—°He + ¥ T
= _ - - s
o e e hetC} | =
= 8 i - \ | = 1 1
=.-10 ] % 85% 15% 10#
,_.."“ ! ! ;| 4 : Hep-v
L ! :
' I : 3 ‘He + *He -+ Be +v| |*He+p 2 *He +e* + v,
2 0b e il | p—— E l '
_ o ] oo
= f"’f | i 1
-:_"'—:. . | ! | | . a
- e <Be=| | |=— pep 3 ‘Be+e =L Be+p—"B+y
b7 ) . wepn | 4 (*B-v)
2 102 ; E| : : o |
% el C ) \ g He + *He — ‘He + 2p Li+p—2 “He B >2He + e +v,
i 0.1 0.2 0.5 1 2 5 10 20
Neutrinao energy (MeV) pp-l pp-ll pp-ll
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pp-Neutrinos in DARWIN

a background for the WIMP search

Differential Recoil Spectrum in Xe

L Sum
— = ——— Vv te
I>' 1_— """""" V)L+e
[ =
£ E
._.X :\ Be
. — <
X 10 \ "Be (862 keV)
X E \ ‘
% i
B o2l BeGBikeViy i
% =
a4 . “\
1{}-3__IIII|III|||1'IlE-II||||||||||||||||
0 100 200 300 400 500 600

Energy [keV]

 neutrinos interact with Xe electrons
— electronic recoil signature

e continuous recoil spectrum
— largest rate at low E

M. Schumann (Freiburg) — Direct Dark Matter Searches

o — / 4107 em?
= —
e

DARWIN

o

JCAP 11, 017 (2016)

Neutrino interactions

- WIMP 40 GeV/ic*

WIMP 100 GeV/c®

- = A ex107 em? 2vpp

" gl P NSRS S NS |
I 2 3 4567810 20 30 40 10°
Energy [keV]

* ER rejection efficiencies ~99.98% at
30% NR efficiency are required to
reduce to sub-dominant level
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: : DARWIN
pp-Neutrinos In DARWIN -

o

a new physics channel! JCAP 11, 017 (2016)

Differential Recoil Spectrum in Xe Neutrino interactions
- 0.8 : -
Sum 2 PP Be pep B
— ——— V. te g
'> = N e vy te 0.7
b -
4 - e
~: - 'Be 0.6F
X 10! "Be (862 keV) a i
- a8 05F DARWIN
X \ :
8 L 0.4 ;
210 - _I
8 -
é (].3:— ‘
107 H T . 0.25 ?'1""""3 : -
Energy [keV] Neutrino Energy [keV]
 neutrinos interact with Xe electrons « 30t target mass, 2-30 keV window
— electronic recoil signature — 2850 neutrinos per year (89% pp)
e continuous recoil spectrum — achieve 1% statistical precision
— largest rate at low E on pp-flux (- Pee) with 100t x y

~0.26 v evts/t/d in low-E region (2-30 kev)
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DARWIN
135Xe: Ov double-beta Decay -

L

JCAP 01, 044 (2014)

n p n P T —
—_— = ] == = . % 2, 9+ BX Cs
W w & 136 N
v | \‘\\ (L ‘AEL
ZVBB OVBB Ym X Q =2457.83 keV 5. | 1 760.493keV
n W p ¢ n W D e 0l 0 ¥ 818.497 keV
- = 136,

s 6t fiducial mass 136 ' I
B o iduci £X0.200 no **Xe enrichment!
R OvBp —  limit
%  2vBp
x 107 Background (6t):

B F — 4.6 evts/tly in =30

X L

e 102 & Materials

X = .

2 » 0/E~1% at Qpp, combined E-scale

5 f f - signal in plot assumes T ,=1.6 x 10®y

Q 107 = 214Bj e . 26

S E gy o e sensitivity: T, ,=5.6 X 10°° y (95% CL, 6t x 5y)
i P R | | . P e

2100 2200 2300 2400 2500 2600 2700
Energy [keV]

M. Schumann (Freiburg) — Direct Dark Matter Searches 81



DARWIN
Ov Double-beta Decay =

JCAP 11, 017 (2016)

e






« v from supernovae could be detected via CNNS as well
* signal fom accretion phase of a ~18 Msun supernova

Supernova Neutrinos

@ 10 kpc is clearly visible in DARWIN
* signal: NRs plus precise time information
« challenge: theshold

accretion phase

L, l(l()53 ergs/s)
o = N W = La

<E > (MeV)
=

v
Lh
R
"'\-..___‘_"

]

—_

Lh ! t
R L RARE
=~

— 2
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No of events [10 ton keV]'l

Chakraborty et al., PRD 89, 013011 (2014)

Lang et al., PRD 94, 103009 (2016)

ot o

Recoil Kinetic Energy [keV]
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The WIMP Landscape today
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Exciting times ahead of us
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Present

Future
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