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Dual Phase TPC

Dolgoshein, Lebedenko, Rodionov, JETP Lett. 11, 513 (1970)

TPC = time projection chamber
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— 3d vertex reconstruction
— multi-scatter rejection (WIMPs scatter only once!)
— S2/S1 ratio: background rejection ~99.5% @ 50% NR acceptance
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The XENON Future
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DARWIN
The XENON Future M

10746 Energy [keV]

. — Interactions from coherent neutrino-nucleus
scattering (CNNS) will dominate
~ _ — ultimate background for direct detection
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DARWIN
The DARWIN goal > -
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The ,,Neutrino Floor*

There are different definitions on the market...

Billard et al. PRD 89 (2014) 023524
,1-CNNS event line“

Billard et al. PRD 89 (2014) 023524 . 10 E
~WIMP discovery limit“* -~ a
= detecta WIMP at3c on  ~ 10+
top of 500 CNNS events -
above a LXe threshold of §10°
4 keVnr (infinite E resolution) g m_%f_
— assuming an unrealistic 5 F
100% NR acceptance, 2L
a 5300 t x y exposure & S
IS required to reach this O oL
(4-35 keVnr window)
0% &
T

Another possibility
Expected 90% CL exclusion limit
» only CNNS background
 unrealistic 100% NR acceptance
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DARWIN
DARWIN The ultimate WIMP Detector = -

* aim at sensitivity of a few 10™*° cm2,

llustration o ﬁﬂ‘i
' limited by irreducible v-backgrounds

* international consortium, 21 groups

* R&D ongoing
- challenges include
background rejection
HV stability (—150..200 kV)
target purity, electron drift
intrinsic radiactivity (8Kr, 222Rn)
calibration, stability

« DARWIN is on the European
astroparticle physics APPEC
roadmap and endorsed by the
Swiss State Secretariat (SERI)

Baseline scenario
~40t LXe TPC S L
~30 t fiducial mass

e Timescale: start after XENONNT
www. dar wi n- observatory. org
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I Measuring Xenon Activation

arxXiv:1507.03792
* study xenon activation by cosmic rays

» 2.04 kg ultra-pure xenon + 10.35 kg OFHC copper
activated at Jungfraujoch for 345 days www.ifjungo. 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?

3
3
2

R Flux vs atm. Depth CR Spectrum —total

— neutrons
107 —- protons
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http://www.ifjungo.ch/

Xenon Activation: Results

— Xenon sample, pre-activation

Z “'Rh LI #9c0 Xenon sample, post—aclzirvaltion

e 2i2py, %

I% haos-n *Mn

= e 2140 5 o

5 107 \<.( e . arXiv:1507.03792
2 @ K 208
2 = i
2 . 7|
N i/ \
5 10"
oy
500 1000 1500 2000 2500
Energy [keV]
Isotope T2 Xenon: specific saturation activity at sea level Agae [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 37013240 6.4 6.4 - " Th ity of th

are short-lived and 858y 648 <34 5.3 46 - - The majority of the

therefore uncritical 887y 83.4 <52 6.7 4.6 - ~calculated predictions
9lmNb 62.0 < 1200 56 5.0 - are too low (rtalic font),
. 99Rh 15.0 < 120 8.3 8.2 126
101Rh- ) agreement only for 12|
Rh: no single low-E 101Rp 1205.3 14201370 16.6 15.8 - 0.5 9 y
electrons or y-rays 110m p o 252.0 <49 0.9 0.8 - -
1138y 115.0 < 55 51 47 - -
g 25 +260 _
125G- produces smgle 1211 Sb 986.0 5901280 0.2 18.5 0.5
mTe 154.0 < 1200 299 276 - 135
low-E elte(étropst hiah 123mme 119.7 < 610 14.7 14.4 - 140
- expeC ed rate too |g 1267 13.0 1751»3%1 247 247 _ _
for LUX background 31T 301 =190 v 70 _ -

— removed by getters? 127Xe 36.1 18701229 415 555 1530 4 300 - Xe-isotopes: good
129m x e 8.89 < 8.7 x 103 238 421 1360 + 250 agreement with LUX
13lmxe 11.77 < 3.6 x 104 251 313 1620 + 370 -

133Xe 5.25 < 1.2 x 105 159 196 1140 + 230 -
132¢g 6.47 <120 166 164 - -
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" Bac kground Sources

T N assume 100% effective shield

.

7‘1“*‘~h'9h E neutrlnos i EY,, (~14m diameter,
: RS -~ CNNSbg | SRR '-_l_‘_‘“...;.;{ D 10x better than

pp+7Be neutrinos &~ NR S|gnatu_re \.L AN -ft,;-g}f;f{{!fﬁ-‘ ».  XENONIT shield)

1_-.: & {
T TR L el

-~ ER signature ° .t gh :
/ ﬁyﬂ J.h ! -1 Dark matter senS|t|V|ty of multi-ton
‘g liquid xenon detectors

d Marc Schumann_. ! Laura Baudis,” Lukas Biitikofer,”
*"'Ili Alexander Kish,” Marco Selvi

—'1w-ﬁ111 rsitidt Bern, Switzerland
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Backgrounds

All relevant backgrounds are considered:

Source Rate Spectrum C'omment

[events, (t-y-keVxx)]
~y-rays materials 0.054 flat assumptions as discussed in text
neutrons” 3.8%x10°° exp. decrease average of [5.0-20.5] keVnr interval
intrinsic *°Kr 1.44 flat assume 0.1 ppt of 'Ky
intrinsic 22Rn 0.35 flat assume 0.1 uBq/kg of ?2Rn
235 of 135Xe 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

DARWIN

arXiv:1506.08309

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

222Rn: 10x below XENONLAT design
136X e: assume natural xenon

consider all relevant neutrinos

35
E 8:_ ER background eXposure. 200 t X y
30 pp+ Be neutrinos = -
— O F T at rejection levels >99.95%,
S 25k low-E solar neutrinos é 6E- NRs from CNNS dominate
% dominate ER backgrounds ek
= 2.0 - Sp~ solar neutrinos
X F 2vBp g OE |
e C / = 4:_ =~ ~ NR background
= - “Kr v N ~ Acc=40%
— C Q - . —ace=e
o E [aa) E ~ Acc=30%
a7 C 2 g
0.5 *Rn oo T o N
= 1=
:7/ materials -
0. -ttt 4= — = = == | T T
2 4 6 8 10 12 14 99.75 99.8 99.85 99.9

Energy [keVee]
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DARWIN

Background Rejection = -

ER rejection factors

around 99.98% required

Experimental achievements:

XENON2100 0.53 3.8 40 99.75
XENON2100 0.53 3.8 30 99.90
LUX 0.18 8.8 50 99.0-99.9
ZEPLIN-III 3.4 4.2 50 99.987
K. Ni appi4 0.2-0.7 10 50 >99.999
2 : : field uniformity
Simulation is important!
L arXiv:1506.08309
% 5><10’E
% :* _____________________________ 2x more light
é’ i - 7.5x less leakage hlgher |Ight yleld
3 improves signal
107 resolution
o - better band
S I DR PO L | Lo |

M. Schumann (AEC
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XENON100
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acceptance improves at lower E
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M. Schumann (AEC Bern) —

DARWIN

DARWIN WIMP Sensitivity -

 consider all backgrounds:
neutrinos (pp+’Be)
external (y, neutrons)
intrinsic (0.1 uBg/kg %?Rn, 0.1 ppt Kr)
CNNS (mainly ®B at low E)

» study different E-scales (S1, S1+S2, LY)
« study threshold, exposure, ER rejection

10° | N NS S1+S82 combined (LY= 8 PE/keV)
; S1-based (LY= 8 PE/keV)
< 10%Ey S1+S2 combined (LY=12 PE/keV)
= S1-based (LY=12 PE/keV)
% oe~ath 0 ------ infinite resolution
-
X el
S 10 GeV/c2 WIMP
% : g=2x10" cm-
= 0l 40 GeV/c® WIMP
) o=2x10" cm?
=
ﬂﬁ 10—3
107

L - | - 111 11 1 | 131 | ‘ 11 | 11 1 111 L1 1 1

2 4 6 8 10 12 14 16 18 20
Energy [keVnr]

DARWIN: Dark Matter (and more)...

Light Signal S1 [PE]

Resolution [6/E]

arXiv:1506.08309

E;
L

llO2

5
L L I T R SR T NS
0 20 0 60 80 100 120
Charge Signal S2 [e ]
o6k °. e S1+S2 combined (LY=§ PE/keV)
1, e S1+52 combined (LY=12 PE/keV)
osh L
. -base
040 o2 E‘\;{ full: o/E, open: RMsE~ MC
TN X
0 3:_\§ = ~
“E et LaaNry
02 | 'E\G\ti\ e
. r ™ ﬁ\_ B —E— _
- e \‘g“‘?'ilf - g E::E*;: .
0.1 =
0: L PR N S S S SR N T S S N T SO SO SN SO NS SO SO B
0 5 10 15 20 25

Energy [keVnr]

Resolution consideraby improved when
using combined S1+S2 scale
- improvement mainly from S2 signal

17



.. DARWIN
I DARWIN WIMP Sensitivity -

Reference WIMP mass = 40 GeV/c? arXiv:1506.08309
1.4 1.40 =
13 E 5.0-20.5 ke Vnr, CES 8PE. Rej=99.98%. Acc=30% 135 5_ 2001 Xy, X-20.5 keVnr, CES 8PE, Rej=99.98%, Acc=30%
o 12F o 130F
g E Exposure g "t Threshold
[ 1.1 Q) 1.25 =
A = A B
“ 1.0 ; 2 1.20 E_
8 0_9§_ 8 1 15;—
g 0.8 g 110
- = E =
T'cj 0.7 E_ all backgrounds i) 1.05 E_
Y= To-.L & 100E
- TT-O~-.-._ CNNSonly -
0.5 SRR 095
E 1 1 | 1 1 | | 1 1 1 | 1 1 1 | 1 1 | 1 1 1 | 1 E 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
0'40 200 400 6 8 1000 1200 0'903 4 5 6 7 8 9
Exposure [t X y] Lower Threshold [ke Vnr]
3.0 1.40 =
B 2001 Xy, 5.0-20.5 keVnr, CES 8PE, Ace=30% 135 E 200t Xy, 5.0-20.5 keVnr, Rej=99.98%, Acc=30%
25 - o 1.30 = ¢
o 2.5 . . 305
g ER rejection | £ - Energy Scale .
2 20 2 1200
o [ o =
S 5 1t
Eltin 2 L=
= 5 105>
[P L QL C
Mok % 1L00E ®
- 0955 ¢
0 5 B | 1 1 1 | 1 1 1 Il | 1 1 1 1 | 1 1 1 1 ‘ 1 1 1 1 0.90 E | | | |
T99.75 99.8 99.85 99.9 99 95 100 CES 8PE CES 12PE 51 8PE S1 12PE
ER Rejection [%] Energy Scale
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DARWIN

DARWIN WIMP Sensitivity -

arXiv:1506.08309

« exposure: 200 t x y; all backgrounds included
* 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

=
Ju
=

S
k=
v

2

Cross Section [cm™]

[T

o o
k= |
i ™

S
s
o

S
IS
=l

10 10°
WIMP mass [GeV/c?]

best sensitivity: 2.5 x 10° cm2 @ 40 GeV/c2

|| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| T TTTTI

L —— - P

........

10 10? 2m—1 10*
WIMP mass [GeV/c7]

excellent complementarity to LHC searches

— also sensitive to inelastic WIMP interactions

M. Schumann (AEC Bern) — DARWIN: Dark Matter (and more)...
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WIMP Detection

DARWIN

10

Discriminator [e< log (S2/S1)]
[ o]

DARWIN with
| 30t LXe fiducial

_8IIII|IIII|III|III|III|III|IIII

0 5 10 | 15 | 20 I25 | 30
Energy [keVnr]
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10

Discriminator [e< log (S2/S1)]

WIMP Detection

Energy [keVnr]
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DARWIN

“

WIMP Detection

1 year
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Energy [keVnr]
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DARWIN

™

WIMP Detection

2 years

[(15/2S)° S0] o] T0reurmmSIq

Energy [keVnr]
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_ DARWIN
WIMP Detection —
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_ DARWIN
WIMP Detection —
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_ DARWIN
WIMP Detection -

tor [e< lngm(SZIS D]

1SCrimina

*

6.7 years

D

1 | 1
8(] 5 10 15 20 25 30 35 40

Energy [keVnr]
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_ DARWIN
WIMP Detection —

[y aosd _‘ﬂi N DL D r L A KRN AR _1. % solar neutrinos,
A et SRR RO PERASIARN ooy 22
e 2\v(, materials

) N2
— § - *‘ -:"‘.- . - . . @ 'l'!:‘-:'f‘..“
: ';01-: :"..: o oa -- * - * - .h: . . . .- .,
e " ¢ . * . * .
-4 ®o o* * .
| .'. " . . . b
-ﬁ_ N \ WIMP: 30 GeV/c2, 0=2x10 cm?2
- 27 signal events in box
- | | | | | | | |
_8 1 1 | | 1 1 1 1 1 1 | | | | 1 1 1 1 1 1 | | 1 1 I 1 1 | | | 1 |
0 5 10 15 20 25 30 35 40

CNNS+neutrons

Energy [keVnr]|
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Discriminator [e< log (S2/S1)]

DARWIN
WIMP Spectroscopy ° -

L

2%X10 cm? 2X107%" cm?2

Exposure: 100ty; 200ty

num. events:

77154 112,224 29, 60,

10

S
e

B o . _ m 100ty |
il < — v floor = 200ty

- Sy 200t Xy ) . .
_S_I'.I l l | l l L1 | l l l l | 1 1 L1 | l l l l | 1 1 L1 | l l l l | 1 1 L1 10 100 1000

0 5 10 15 20 25 30 35 40

my[GeV/c?]
Update of Newstead et al., PRD 8, 076011 (2013)

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

» 10/20 CI, marginalized over
astrophysical parameters

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

Energy [keVnr]
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DARWIN
I LXe: Non-WIMP Channels * -

—— ®B neutrinos

:Borexijpo
0.6 :DARWIN —— pep neutrinos
» Coherent Neutrino Nucleus Scattering =g . JOAPOL 044 (2019
— not observed yet o
— 200 txy: ~200 evts > 3 keVnr ol
~25 evts > 4 keVnr oa-

* Low E solar neutrinos: pp, ‘Be -
— test solar model; test neutrino models i ST

~ 1% stat. precision in 100 t X y " E, [MeV] v g
e Solar axio_ns and dark matter ALPs %102_//:’“‘*x~__%“% iﬁ&%ﬁfgéfﬂﬁta i §
— alternative dark matter candidates 2 I ~— 19
— couple to electrons via axio-electric effect | o F o TNabe 18
 Supernova Neutrinos ‘0# *}LfﬂﬂﬁrﬂﬁﬁT + 7t miﬁ% %
— sensitive to all neutrino species (CNNS) il S e
(- complementary information to B TR 0=
large-scale neutrino detectors) 'E S1[PE]
- O(]:O) events for SN @ 10 kpC . o g
~ access to neutrino mass, neutrino hierarchy 2" 2 77 i)
- no ¥Xe enrichment required 103:_ R
M. Schumann (AEC Bern) — DARWIN: Dark Matter (and more)... m;o_:\m’ BT 10" 1 29



pp-Neutrinos in DARWIN

a new physics channel!

Differential Recoil Spectrum in Xe

L Sum

— ——— Vv te
Sl NN e Vv, te
[<F]
v,
X T
—- ‘Be
I>\ '\
X 107! "Be (862 keV)
—"d—i
X 3,
% i
e -
— 10~
[<B]
+—
o~
(a4

1[}-3 1 E | | 1 | | | | | | |

L
Energy [keV]

* neutrinos interact with Xe electrons
— electronic recoil signature

e continuous recoil spectrum
— largest rate at low E

400 500 600 700

~0.26 v evts/t/d in low-E region (2-30 kev)
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DARWIN

f

JCAP 01, 044 (2014)

Neutrino interactions

07
-  Borexino —— ®B neutrinos
[ 6 )
- —— pep neutrinos
06— _  iDARWIN
v 05
o L
04—
03
L1 | 1 1 1 1 1 1 1 1 |

S

1
E, [MeV]

« 30t target mass, 2-30 keV window
— 2850 neutrinos per year (89% pp)
— achieve 0.8% statistical precision

on pp-flux (- Pee) In 5 years

30



DARWIN
~°Xe: Ov Double-beta Decay ° -

JCAP 01, 044 (2014)

=
\
o
'}
=
v
a
dNAEE/ Q)

|
2VP3[3 OVBB Ym X
n WS e n WS p € also accessible: 34Xe, 1?6Xe, 12¢Xe
= = N. Barros et al., J. Phys. G 41, 115105 (2014).
1p 6t fiducial 136 ' I
- ol lducial mass | _, o no 3**Xe enrichment!
F OvBp —  limit
%  2vBp
x 107 & Background (6t):
W F — 4.6 evts/tly in £30
X L
DR 102 Materials
X = .
o F » 0/E~1% at Qpp, combined E-scale
3 r f - signal in plot assumes T ,=1.6 x 10®y
Q 107 = 214Bj e . 26
S 22pn 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 (AEC Bern) — DARWIN: Dark Matter (and more)... 31



DARWIN
Ov Double-beta Decay ' -

to be published

O .

107 =

= T s
2 s

107 = Normal Hierarchy




DARWIN
I The WIMP Landscape today - -

10—39

adapted from arXiv:1310.8327| A
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10—42 .
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|:| Magnetic DM
|:| Extra dimensions
107" F [ susy mssm

WIMP-nucleon cross section [cm?]

10—49_
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1 10 100 1000 10*

WIMP Mass [GeV/c?]
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Exciting times ahead of us

10—39

DARWIN
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