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DARWIN  Towards the Ultimate Dark Matter Detector
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Direct Dark Matter Detection: Past, Present and Future

/

Adapted from L.Baudis, Physics of the Dark Universe (2014) + Resonaances Blog, Sept. 11 (2016)
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DM detector requirements:

- heavy target

- detectable signal

- low threshold

- low background

- easy scalability



N\ DARWIN DARWIN = DARK matter Wimp search with liquid xenoN
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Yy Or e ™. /1 . electronic recails (ER)

WIMPs
g il Or neutrons i nuclear recoils (NR)
..... s )
) S e _. 7 seeidiae - Two signal channels (S1 and S2)
ée' Ed
e | - Ratio depends on dE/dx, different probability for
_—— electron-ion pairs recombination
— event vertex reconstruction in 3D
(sub-mm precision for Z, ~cm for XY)
— — particle type discrimination: (S2/S1)y > (S2/S1)wivp
= (factor ~ 200 and higher efficiency)
Ni — =225 B {onization —————o—fp proportional
o e drift, scintillation
recombinakion acceleration (52)

in gas phase

de-excitation
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N\ DARWIN The DARWIN Consortium
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- 25 research groups from 11 countries
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\ DéRWIN DARWIN Conceptual Design
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arXiv:1606.07001

- 40 ton LXe target

igh-vi .. Conn ion nics, submitted to JCAP
i o A, -ricton, e acassion (exposure =5 years)
- TPC height/diameter 2.6m
Top N ; : ”
photosensor.«f S - 3" PMTs: ~1800
array .. 1 ”
l g aroda (4” PMTs: ~1000)
el il .
PTFE ‘ i - Low-background cryostat
- PTFE reflector panels
“ Cathode . . .
Npowmon - Copper E-field shaping rings
photosensor
array 300_ 0
280 T T0
7 T S 1%
. Water Cherenkov shield s N I

L
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Backgrounds

/

JCAP 10, 016 (2015)

- Monte Carlo simulations for main components
(PTFE, copper, photosensors)

- Intrinsic backgrounds: Source Rate Spectrum
[events/(t-y-keVxx)]
: -rays materials 0.054 flat
8Kr:  x2 below XENON1T design ("Kr 0.1 ppt) D ot 3.8x10-5  exp. decrease
(achieved 0.03 ppt |EPJ C 74, 2746 (2014)) intrinsic 85Kr 1.44 flat
intrinsic 222Rn 0.35 flat
, 2v33 of 135Xe 0.73 linear rise
222 .
Rn:  x100 below XENON1T design (0.1 pBa/kg) bp- and "Be v 3.95 fat
CNNS* 0.0022 real
136Xe:  assuming natural Xe composition (8.9%)
ER NR
350 ;
E 7 . 8 exposure 200:tonxyr
— pp+'Be neutrinos :
30— 7 5
8 25F % 6
E - A s -
20— e ~_ solar neutrinos :
; - 2vBp § 4 = ~ ~ I\'IR background
N - Kr e = S~ N Ace=40%
Q — = = R N
2 1.0¢ m - Acc=30%
as] N 2= <
B . IS N Ace=20%
0.5? 222111’1 1:_
E7v/—}—l—r—{-ﬂ—f -+ | aterigls = P e e e
0% 4 & 8 10 12 12 99.75 99.8 99.85 99.9 99.95 100
ER Rejection [%]

Energy [keVee]
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Electromagnetic Background Rejection
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- Required ER rejection >99.9% (discrimination based on ionization/scintillation ratio)

- Experimentally achieved:

Earift LY at 122 NR acc. ER rejection T .il.“.)E.].m. B E'B
[kV/cm] | keV [PE/keV] (%] [%] gl
XENON100 0.53 3.8 40 99.75 s
XENON100 0.53 3.8 30 99.9 g
LUX 0.18 8.8 50 99.0 - 99.9 g |
ZEPLIN-III 3.4 4.2 50 99.987 o EAEEL L
K.Ni et al. 0.2-0.7 10 50 > 99.999 0 Ve evm) NR

- Higher light yield — better resolution — improved ER/NR band separation
x2 higher LY — x7.5 less leakage

2
JCAP 10, 016 (2015)
=T - E-field uniformity plays crucial role
- -
-2 i S1 [PE]
g 5x10 T 5 10 15 20 25 30
E 1.0 |- o o i -
o I _l_‘_|_ - r"""T |
& I g o 08l |
F§ : g 06 L |
— e = | ......... |
107 g 04 i ''''' : |
- - | NR acceptance e |
5x107- . 2E Y | 4t 90,750 ER rejection | T XENON100
1 1 11|l|1|i1||l| cao v b v b v b by 00_ L .I..-I....I....I....I....I:....I....l...I.I.... PRL109(2O12)
4 6 8 100 12 14 16 18 20 22 : 5 10 15 20 25 30 35 40 45 50
Light Yield [PE/keVee] Energy (ke var]
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Physics Channels
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WIMP searches X X
- spin-independent, -dependent and inelastic interactions

Coherent neutrino-nucleus scattering (CNNS)
- predicted by SM, not yet obsernvea o
- 200 tonxyr exposure: ~200 events > 3 keVnR

~25 events > 4 keVnr

Low-energy solar neutrinos: pp, ‘Be M

- statistical uncertainty ~1% with 100 tonxyr exposure w)
- test/improve solar model, test neutrino models

Solar axions and galactic axion-like particles (ALPs) A e
- alternative dark matter candidates T ke
- coupling to electrons via axio-electric effect

Z+, e-

Supernova neutrinos
- sensitivity to all neutrino flavors (via CNNS) o v
- ~10eventsforSN@ 10kpc 7

- complementarity to large-scale neutrino detectors

Neutrinoless double beta decay ’ o f
- lepton number violating process v

- access to neutrino mass and hierarchy |
- no enrichment in 3%Xe required n p
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JCAP 10, 016 (2015)

- Consider all backgrounds:

— external (gamma, neutrons) 0 !102
— intrinsic PE -
— neutrinos (e~ scattering, pp and 'Be) ' 30p ]
— CNNS (dominated by 8B) 5 B -
E‘J 20;— 10
- Study LY, energy scales (S1, S1+S2) Z 5o .
oY) P
a3 10
- Study threshold, exposure, ER rejection sE- 1P, iy “I.
ol 0 AP E :
C J L1 ‘Iu T | L1 L1 N
% 20 n 60 0 100 120 :
Charge Signal S2 [e ]
10° S1+52 combined (LY= 8 PE/keV) 0.6% % * S1+52 combined (LY=8 PE/keV)
g S1-based (LY=8 PE/kCV) :n o e S1+S2 combined (LY=12 PE/keV)
ol $1+S2 combined (LY=12 PE/keV) 05H *  Sl-based
CH 2 S1-based (LY=12 PE/keV) — * S2-based
g o e B S A\ oo™\ ° full: o/E, open: RMS/E
% ------ infinite resolution L 04 _—\\\ ] ’
4 = ¢ R
x ) S e -
- Rl iy Sosle T
= 8 - 'E \Q\{
= 40 GeV/c* WIMP O 0ol S T
{% 0=2x10" cm? ~ . C \ﬁ\\gi\\ \\E_“*i a \i\r\aM
N -y -l — — _
SIS ol Pista-e gy
10_3..l].........LHE..[.,.......... 0:_ 1 T B S B
R S S T R U R VRN T TR 0 3 10 15 20 25

E keV
Energy [keVnr] nergy [keVnr]

— Significant improvement in resolution using combined (S1+S2) energy scale
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JCAP 10, 016 (2015)

. For WIMP mass 40 GeV/c?:

14 : 140 .
13 = : 5.0-20.5 keVnr, CES 8PE, Rej=99.98%, Acc=30% = 200 t: x y, X-20.5 keVnr, CES 8PE, Rej=99.98%, Acc=30%
3 135 :
s 12F = 130 i
g L Exposure 2,50 Energy threshold
— O - ;
N — - :
o 10 & 120
O = ) =
0.9 —
G : 6 1.15E
z % 2 1105
% 0-7;_ all backgrounds E 105
- - Q -
o 06F Ol X1 00F
- “~-Q-______CNNSonly -
0.5F T © 095F
:Ill:1lll|ll""llll'll"ll E|||1|||||:||||||[||||||||||||||1
0% 200 400 600 800 1000 1200 0.90; 4 5 6 7 2 9
Exposure [t x y] Lower Threshold [keVnr]
3.0 , 140
B 200 t x y, 5.0-20.5 keVnr, CES 8PE, Acc=30% 2 - 200t x y, 5.0-20.5 keVnr, Rej=99.98%, Acc=30%
- : 135
2.5 E_ o
g § %
g : 8 125F o
20— . . wn SR .
2 TF ER rejection 2 1295 iLight yield and energy scale
5 a s S 1.15F ¢
B ' @) .
R 0 1.10F
?& - = -
a7 1.0__ x 1.00 @
B - o
§ 095F
0'5_ | 1 | 1 | | 1 | 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 i 1 O 90: r: l l l
99.75 99.8 99.85 99.9 99.95 100 “““'CES 8PE CES 12PE S1 8PE S1 12PE
ER Rejection [%] Energy Scale
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- assumed exposure 200 tonxyr,

Sensitivity: WIMPs

all backgrounds included

- likelihood analysis: 99.98% ER rejection, 30% NR acceptance

- combined (51+S2) energy scale
- energy window 5-35 keVnr

- light yield 8 PE/keV

10* e 10®
=
N -39
10 10
('\lg E Ng 10_40
e 46 | e
o 107 E = 1041
S : S 10
3l 3
» 10 = A 104
= -43
6 10% = 6 10
: 107+
49
10 E 1 1 1 L1 I 10'45

WIMP mass [GeV/c?]

— minimum sensitivity: 2.5x1074° cm? @ 40 GeV/c?

JCAP 10, 016 (2015)

[ TTTI

I IIIIIIIII IIIIIIII| IIIIIIII|

TTTTI

-

10 102

10° 10*

WIMP mass [GeV/cz]

— complementarity to LHC searches

11
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WIMP Spectroscopy

ER background

DM halo parameters:

oy = (0.3+0.1) GeV/cm3
Vo = (220+20) km/s
Vesc = (544140) km/s

0

10

1
S

‘ N o. o 4

7—‘.-&, - ‘:'c" ’c Q.'lnﬂ'

Discriminator [e< log (S82/S1)]
I

e - materials

' - intrinsic (Rn, Kr)

- solar v-e~ scattering
- 156Xe 2v[3[3

I~ ’ ;;.o :o'..:.
_4 .. ‘.. . 4
- e L] - mlmmE. .- P - m---- _)
neutrons and CNNS «<—— g---¢ ':’.-~"27's.ignal events 30 GeV/c? WIMP
oL Os = 2x10™8 cm?
Do | | Exposure 200 tonxyr
_8() | I I | 5 L1 1 ll()l 11 115l L1 17()1 L1 l,)sl L1 l3()l 11 I35l L1 I4()
Energy [keVnr]
44 10_44 _ arXiv:1606.07001 (2016), Adapted from Newstead et al. PRD 88, 076011 (2013)
"E 500 GeV/c? "My = 100 GeV/c?
¥ ) - ;
< E 20 GeV/c l224ev’[8 PE =
S0t e oS e Stk @ =
-% i@ = ]0g = 2x10747 cm?2 -% u p
S107 G107 E
2 T 2 [
S0t e S 10
e | 200 tonxyr e i 200 tonxyr

3

10 10° ; 10°
WIMP mass [GeV/c“]

3

10 10 i 10°
WIMP mass [GeV/c”]

- Extended regions due to uncertainties on DM halo parameters

- For higher WIMP masses (> 500 GeV/c?) only lower limits can be derived
(shape of the NR spectrum depends on the WIMP-nucleus reduced mass)

12
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Coherent Neutrino-Nucleus Scattering
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JCAP 01, 044 (2014)

. V+NXe_’V+NXe

) Borexino: pp(10% - 2014) pep(20% - 2012)
- Predicted by SM but not yet observed [premrerv] [prerpoiiov]
99.76% 4%
- CNNS is background for WIMPs, w1 N
but one of the scientific goals of DARWIN e e 1
99.89% 0.11% ‘
‘Be+e —Li+v, | Be+pl»"8+
- Steeply falling spectrum with Er < 4 keVnr Be:Borexino-45% 1 ' fB";'_'Bj;";"l' """"""""""""
o BISNO,Superk=3% |
ppl ppll pplll

10°
- WIMP 6 GeV/c*
—_ : 4x10™ cm?
> 10
S F WIMP 40 GeV/c?
% -~ 2x10™*® cm?
- 1
> = ’
X - WIMP 100 GeV/c
ol 10" ___ _\’_hep_ ~ 2x10™*7 cm?
X E ‘ . 8B neutrinos from the Sun:
% 102 _v:DSNB — 90 events/ton/yr, Fr > 1 keV
Qo e TN
av] L viatm 00000 T\ Y . .
SRS . Atmospheric neutrinos:
S T — 3x1073 events/ton/yr, Er > 3 keV
4x10™ 1 2 3 4 56780910 20

Energy [keV]

13



N\ DARWIN DARWIN as Solar Observatory
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JCAP 01, 044 (2014)

- neutrino-electron elastic scattering

. Borexino: pp(10% - 2014) pep(20% - 2012)
- real-time measurement of neutrino flux ; prozipene o reraed
— 7.2 events/day from pp S—CE—— ”
— 0.9 events/day from "Be o 4% 0%
99.89% 0.11%

- 2% (1%) precision after 1 year (5years) T/H/—
— constrain solar models g e ]

Li+p—>2°He |-‘Bﬂ'8e’+e +V,

- Neutrino survival probability measurement ppI ppI ppIII
— deviation from prediction indicates new physics
w L

8B: SNO, SuperK — 3%

Aldo Serenelli (TeVPA-2016)

Borexino (Nature 512, 383-386, 2014)

- pp. 'Be pep B
'> 0.7_—
D -
-~ - ——
X 0.6
>
X - '
< a8 05 DARWIN j‘
" -
@ B
§ 0.4:—
g - E L
< 1 -
7 i 0.3
| 1 1 1 I 1 1 L | | ].II' l..:L | | 1 | 1 I L | 1 1 I L Il L 1 I | 1 1 i O 2: l | | 1 1 1 11 | 1 Il | 1 | 1 11 |
0 100 200 300 400 500 600 700 ' %102 10°  2x10° 10°
Energy [keV] Neutrino Energy [keV]
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Sensitivity: Axions and ALPs

/

arXiv:1606.07001

- measurement via axio-electric effect (ER channel)
- expect mono-energetic peak at the particle mass
. moderate sensitivity to axions (weak dependence of the coupling on the exposure: g2 o (MT)~/2)
. sensitivity to ALPs two orders of magnitude better than current limits (94s o (MT)~"/%)

- dominant backgrounds: solar neutrinos and 2v[3[3 of '3¢Xe

solar axions galactic ALPs
10—z 10°E B —
— XMASS__E - pd =
[~ Solar v . < ] 10—10 ;_ ///SOIar v _;
| EDELWEISS — ;_ ______ CDMS E
10-11:_ — 10—11 — XENON'IOO—E
: - XENON100 3 ;
< - | S — —
g2 - 0712 E
i [ 1 ©o07F EDELWEISS 3
10-12_: — -13 ;_ —;
- DARWIN 5 1077¢ DARWIN (Projected)3
: S — ; u ——N__-—-/ 7
" Red giant - 1O ————— -\\_/// =
10-13 3 1 1 |||||||— 1 1 |||||||_3 1 1 |||||||_ 1 1 |||||||— 1 1111111 10_15_ . | | | | R | L | |

10 10°* 10 1202 10" 1 1 2 3 4 5678910 20 30

m, [keV/c?] m, [keV/c”]
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Supernova Neutrinos in DARWIN

/

- low threshold using proportional scintillation signal (S52) only arXiv:1606.09243

- negligible background due to short burst (~sec)
- sensitivity to a supernova burst up to 65 kpc from Earth

- detection of all 6 neutrino species via neutral current reactions

- 5o sensitivity for a 27Me SN progenitor at 10 kpc
(~700 events)

™ T T T T T

27 Mgun, LS220 EoS

30+t . " .
DARWIN (401) - flavor-insensitive neutrino energy measurement
— XENONnT/LZ (71); — constrain total explosion energy and

— XENONIT (2t)

reconstruct the SN light curve

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

27 Mgyn, LS220 EoS |
0.1 <fp=<1.0[s]

1o contours
— XENONIT (2t)
— XENONNT/LZ (7t) |
DARWIN (40t)

[a—
-
—T

Detection significane [07]
N

Neutrino Flux Amplitude A7 [10''cm™]

" Milky Way Centre

3t g)nf
9. [
LU: 41
§: _ [
< 2l

1 'ij LE): LE): |V true values _

i > a3 @ 0(').@.%?"790.‘(;3@.“,‘5‘.".‘..2.0....2.5....3.0....35
1 1 1 1 A L 1 L A 1 1 1 1 1 1 1
0 20 40 60 80

Average Neutrino Energy (Er) [MeV]
SN distance [kpc]
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AN DéRW”\' Sensitivity: Ovpp of 136Xe
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. 136Xe abundance in natural xenon 8.9% JCAP 01, 044 (2014)

Total
OvBB | Ti2=1.6x10%5 yr

—

()
)
|

[S—
o
TTTIT T T TTTTT T

- Q-value (2458.7+0.6) keV

- MC assuming T12 = 1.6x10%° yr (EXO-200 limit)

—
TITT T T

- Consider 6t fiducial volume o' /R | 0.1 uBarkg

Rate in ROI [evts x t'! x year]

2 : 2vBp | Ti2=2.11x102" yr
10 ? 1 1 1 | 1 1 1 l L 1 1 I 1 1 1 I 1 1 1 I 1 1 1 1 1 1 1 I 1 1
2 4 6 8 10 12 14 16

Fiducial Mass [t]

- Energy resolution (o/p) at Qg 1%

Projected sensitivity at 95% CL.
21481 = 24P0 1 & + y (2448 keV) - 30 tonxyr exposure — Ti2 > 5.6x10% yr
) 4.6 events/year within +30 - 140 tonxyr = Tiz>8.5x10% yr

1

l—

I T TTTT

T T TTTIT

P
<
=)

5

b

T TTT Illl

Inverted Hierarchy

D:

Materials

T
T T TR

3 Normal Hierarchy
10~ -

Rate [evts x t! x y! x keV™]
= =

CNNS babkground only

T III|

/

— — —

e R T e

1 | 1 1 | | 1 | 1 I 1 1 1 | 11 1 1 | 1 1 1 I 1 1 l\ I\L » i i L | |
10 1 - ‘) | 1 | T | 1 1 I I
2100 2200 2300 2400 2500 2600 2700 10 1073 1072 10°! 1

Energy [keV] m, [eV]

ghtest
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N\ DARWIN Technical Challenges and R&D
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High voltage:
- drift field: 0.5 kV/cm requires cathode HV of 130 kV, uniformity is important
- anode: constant gap, parallel to liquid surface over 2.6m

— 3D field simulations with KEMField (boundary element method)

High light yield: | m— 4

screening mesh

. base”ne design PMTS e e
. alternatives: SiPM, SIGHT, GPM eree| | [ oo
- single-phase TPC with liquid hole multipliers (LHM) =1 PN J

Bubble forming wires

Csl S2 - 1

JINST 10, P08015 (2015)
JINST 10, P11002 (2015)

High purity:
- novel magnetically driven piston pumps with hermetically sealed pumping volumes
- cryogenic distillation to remove Kr (sub-ppt level)
- careful selection of materials for low Rn emanation
- surface treatment (electropolishing, etching etc.)


https://arxiv.org/abs/1606.09243v1

Conclusions

DARWIN

2010

Published
ASPERA final report

- Push low-background technology to the next level
- ‘Ultimate’ discovery machine for WIMPs
- Neutrino physics program

- Solar observatory
- Just 10 years away...

2020 2030

CDR / TDR

Start physics run

Results

www.darwin-observatory.org
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