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Direct dark matter detection principle
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Direct dark matter detection principle
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Expected rate for terrestrial detector

dR o [Ume do
Y Ny EO
dEp N UCL el

X Umin R
f(V)“ o — my Eip,
mwn 2M
: Detector
Astrophysics
1072 £ — Si (A=28)
- : Ar (A = 40)
~§ Ge (A=T73)
ui ® — Xe (A=131)
lower > &
3 ~2 ~ v(km =
> | WIMP mass oo 600 vikmis) ¢
© :
Particle ‘é
Physics 5
higher 107° B g n=1x10"% cm? my =100 GeV
WIMP mass ; 0 o - p: vl
E — Ey, - Nuclear Recoil Energy [keV]
R

Julien Masbou, IRN Terascale, Montpellier, 3rd July 2017 4



How is evolving the field of Direct Detection ?
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Direct detection : progress over time
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The fight against the background

« Use WIMP properties

» Avoid background - No double scatter
. o - Homogeneously distributed
- External y’s from natural radioactivity > Position reconstruction
- Material screening - Nuclear recoils
- Self shielding (fiducialization) > ER/NR Discrimination

« External neutrons
muon-induced (a,n) and fission reaction
- Material screening (low U and Th)
- Underground experiments
- Shield & active veto

* Internal contamination

- 85Kr : removed by cryogenic distillation

- 222Rn : removed by cryogenic distillation

- 136Xe : BB decay, long lifetime (T, = 2.2x10%" years)
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Noble gases

| Neon | Argon | Krypton __Xenon

Atomic Number 10 18 36 54
Density 1.2 1.4 2.4 3
Scintillation (y/keV) 30 40 25 42
Wavelength (nm) 85 128 150 178
Decay Time (ns) 15400 6.3,1500 2,91 2.2,27,45
lonization (e-/keV) 46 42 49 64
Boiling Point (K) 27.1 87.3 119.8 165.0
Radioactivity No Sy Yes 136xe /
1Bg/kg Kr can be

(1mBg/kg) removed to
ppt level

Price S S (559) $SS $555

~18-32-15-8
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Why Xenon ?

Large mass number A (131) (Interaction
cross section oc A2)

50% odd isotopes (129Xe, 131Xe) for Spin-
Dependent interactions

Kr can be reduced to ppt levels

High stopping power, i.e. active volume is
self-shielding

Efficient scintillator (178 nm)
Scalable to large target masses
Electronic recoil discrimination with

simultaneous measurement of scintillation
and ionization

Total Rate [evt/kg/day]
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Scintillation and ionization in noble liquids

« Energy deposit produce both:
- Electron-ion pair

- Excited atom states S 1200 , _
01000 g ‘ ¢ e ] S !

« Anti-correlation between charge and light
- Improve energy resolution

» Excitation depends on dE/dx
—> Discrimination capabilities

Charge Si

Light Signal
ER_> |Onizati0n _’XG-'- i ”E Cormbine
l +Xel & E o- 1 i
Excitation Xe2+ g 0'9_5', — Charge
l +e_l § 0i7§' )/’-— -
Xe* < Xe* +Xe i N
+Xel 0.5% |
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Xe,* -
thLL 2 [J\, h\) 0.3;
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Dual phase TPC: principle
TPC = Time Projection Chamber S1:

- Photon (A =178 nm) - Dectected by PMTs

from Scintillation process (mainly botton array)
S2:

- Electrons drift

- Extraction in gaseous phase
—> Proportional scintillation light

3D reconstruction :
- X,Y from top array
- Z from Drift time

( 3'1% Y
Recoill
; Y
LX/ Drift time J -
( S1 S2 \ Electronic
' ' ‘ Recaill
Y/B  Drifttime
P d
P d
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Dual phase TPC: real life

X and Y position from S2 hit pattern on the top PMTs
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How is evolving the field of Direct Detection ?
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Phases of the XENON Program

XENON10 XENON100 XENON1T XENONNT
2005 - 2007 2008 — 2016 2012 - 2019 2017 (R&D) — 2023
15 cm drift TPC 30 cm drift TPC 100 cm drift TPC 144 cm drift TPC
Total: 25 kg Total: 161 kg Total: 3 200 kg Total: 8 000 kg
Target: 14 kg Target: 62 kg Target: 2 000 kg Target: 6 000 kg
Fiducial: 5.4 kg Fiducial: 34/48 kg Fiducial: 1 000 kg Fiducial: 4 500 kg
Achieved (2007) Achieved (2016) Projected (2018) Projected (2022)
Og = 8.8 - 1044 cm? og = 1.1 - 104 cm? og = 1.6 - 1047 cm? Og = 1.6 x 1048 cm?
@ 100 GeV/c? @ 55 GeV/c? @ 50 GeV/c? @ 50 GeV/c?
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XENONT1T facility

Water shield: deionized water as
passive radiation shield

Muon veto: Active muon veto against
muon induced neutrons (84 PMTs

Cryogenics: Stable conditions(3.2t LXe
Purification: LXe flow through getters,

remove impurities

DAQ: Each channel has its own
threshold, Flexible software algorithms
Readout: Up to 300MB/s for high rate
calibrations

ReStoX: Emergency recovery up to 7.6
tons of LXe

Passive: No active cooling required to
keep Xe contained

Kr Distillation: Remove Kr from system
during fill or online

Rn Distillation: Initial tests show
promising reduction for Rn

16
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TPC

—
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The largest Xe double-phase TPC ever built !

T . —
-« Outer dome

Inner dome

PMT array

— Field cage

l» PMT array

Inner cryostat

= Outer cryostat

=
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Y
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AT
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BOTTOM ARRAY.: 12 1.PNIPS

Active Xe mass:
2 tons.

Light sensors:
127+121 3" PMTs
average QE = 35%

Fully covered with
high reflectivity PTFE
to maximize light
collection.

Drift region:
1m height,
1m diameter.
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Water Shield filling

« TPC fully immersed in water since July 2016
- Background studies and calibration runs started
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Muon Veto Cherenkov Detector
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The cryostat is immersed in a water shield
filled with 700 tons of water

Deionized water is used as passive shield
from environmental radiation

Water is constantly purified
Equipped with 84 high-QE, 8" PMTs

All walls are covered with reflective foill
Detects Cherenkov light to tag muons.

Exgected muon flux underground is 1.2
/m?h-" — muon-induced neutron
background is reduced to less than 0.01
ev/y thanks to muon tagging

No coincidences with TPC found in this
science run

JINST 9 P11006 (2014)
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XENON Plants

Cryogenics

Distillation

(Recovery & Storage)

20
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Xenon Cooling System

Goal: liquefy 3200 Kg of Xe and maintain the xenon in the cryostat in liquid form, at a constant

temperature and pressure, and so for years without interruption.
Redundant Backup LN2 DeS|gn goals:
PIR " iln ‘ g,/ PR - Stable temperature and pressure control
" Heat Exchangers * Reliable, continuous, long term operation
) | - Resilience to unexpected failures
- High speed circulation with low additional
heat load

Vacuum

to cryostat
GXe flow to active cooling/tower(s)

Main features:

* Redundant PTR cooling
systems

* Backup LN2 cooling tower

- Efficient two-phase heat

LXe flow bac

h to eryostat exchangers
; * One PTR can be serviced
TPC PMT while the otheris in
cables .
operation
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Detector Stability

*  LXe temperature stable at -96.07 “C, RMS 0.04 °C
* GXe pressure stable at 1.934 bar, RMS 0.001 bar

Backup LN2
Tower

-96.1

-96.2

-96.3

! Téfhf)érature [°C]

-96.4

IIIIIIII]|]III|IIII

1.94

Préssufe [bér]

IIIIIIIIIIIIII

1.93
1.92 : . : . L : : : : ' : . : *
Nov 20 Dec 10 Dec 31 Jan 20
Date
22
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Xenon purification

Goal: remove electronegative impurities
below 1 ppb (O2 equivalent) in the Xe
gas fill and from outgassing of
detector’'s components with  continuous
circulation of Xe gas at high speed through
hot gettle;nsmm

600

[
|
I Q
500 I Ig I
= I |2 4
g400 : E .-: -
§300 I \Ig %
S0 15 M
15 5
. e s 2 47 =
Performance: evolution of e-lifetime, ™ S | L 0 s st et
. . I I -+ -+ electron lifetime data points (from Rn analysis)
monitored regularly with ERs °
20
calibration sources, well described by =33
physical model. Current value Swgﬁ
g -5l
approaching the max drift time of the 3-1 F il |
LXeTPC. 20 G
A7
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Background Reduction: 8°Kr

« Commercial Xe contains ~ ppb of Kr

« Column principle : remove Kr from Xe by means of cryogenic
distillation (gases have different boiling points)

(il < >6.4x10° separation, output concentration < 0.048 ppt
: * 5.5 mcolumn, 6.5 kg/hr,

==' « New approach:
Online Distillation

« Successfully reduced Kr
to (0.62 +- 0.13) ppt
measured by RGMS
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Recovery and Storage System: ReStoX

Goals:
- Store up to 7600 kg of Xe in gaseous or liquid/solid phase under high purity conditions

- Fill Xe in ultra-high-purity conditions into detector vessel
- Recover all the Xe from the detector. In case of emergency all Xe can be safely

recovered in a few hours U——

CAPILLARY TUBE @6x1

LN2 SHIELD

SUPERINSULATION 30 LAYERS

PT100 (2)

EXTERNAL SPHERE

1 PT100 (2)

PT100 (2)

ANTISEISMIC SYSTEM (3)
LOAD CELLS (3) —gg BB ok

TITANIUM RODS (4)

Double walled, high pressure (72 bar)
vacuum insulated sphere of 2.1 meter
diameter, cooled by LN2 and by an
internal LN-based condenser.

L
»

iy ?
I''=

| |
)

-

f i
—

s P =

i
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Science Run: Exposure

100 Rn220 i j 5
Kr83m : I
NR Calibration S A -
80 LED ﬁ : ,
SRO: 34.2 live-days =: SRl > 80 live- days
(analyzed) = (blinded)
I 1 [/)-;‘C 1 J 1 : Apr 2017 May 2017

« Dark matter exposure: 34.2 Live days

;, N Ezi o
» Calibration Data: |
« 83mKr = Spacial Response ,, Q M Y' WN “ I;Y'
. 220Rn = ER-Bands 1z, ) N W
« 241AmBe = NR-Bands iE |
* Interrupted by a 5.5 magnitude earthquake E

0:00 3:00 6:00 9:00 12:00 15:00 18:00 21:00 0:0C
UTC Time (hh:mm)
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Energy Response

E =(n +n) W—(_+_) W

pr gl g2
« Excellent linearity with electronic recoil
550 |- . energy from 40 keV to 2.2 MeV
T gl = 0.1442 + 0.0003 PE/ph
500 N 2224.6 keV g2 =11.52 + 0.05 PE/fe |
N (stats uncertainty only) « g1=0.1442 *+ 0.0068 (sys) PE/photon
450 | V13 . :
3 0 » 13325 keV corresponds to a photon detection
S ~0 '\\ .. . .
© a0 732KV {  efficiency of 12.5 = 0.6% (taking into
L AN ..
= ol . | account double PE emission)
@ N Assumptions of past MC sensitivity
300 oy, 21039 eV 1 projected 12.1%.
250 236.2 keV™
200 S I « g2: the amplification of charge signal
i 41.5 keV * i .
corresponds to near full extraction of
4 > 6 / 8 9 charges from the liquid.

cS1/E [PE/keV]
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Light/Charge Yield Stability

From Kr83m and activated Xe131m, variation in LY and CY is at ~1% level.
Light yield (164 keV) over SRO

Charge yield (164 keV) over SRO

- 325
74} -~ Mean : 320} ~ - Mean 2
1o band - 1o band =
~721|% ¢ cs1 |l = 3A5¢ ¢ ¢ cs2bot o
3 ‘ _i‘é 310 | +3% deviation
X +3% deviation W0 | S
& &
— ©
o
b
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2
(4]
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(@]
6.4 6. 280 -
©
o oY
e Al
BN 1ls-band
4 * K cs2b*
8.2 *
o
o ]
<@ 2
>g0 q) 198
£ o
2 2196
o
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76

2411-30.11 1.12-7.12 8.12-14.12 15.12-19.12 1.1-7.1 81-17.1

24.11-30.11 112-7.12 8.12-14.12 15.12-19.12 11-71 81-17.1
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83mKyr Calibration

20000

« Signal corrections:
o Position dependent light
collection efficiency

10°

15000

o Position dependent S2 S ool
. g . a 8 10°
amplification S |
o Electric field non-uniformity 5000
« Electron lifetime cross-check
. nght/Charge yleld Stablllty O 100 200 ~300 400 500 600 700 2O’
cS1 [PE]
Final S2 charge yield map (bottom)
Light colleclon efficiency maps %0 L1
A : . 1.08
. 1.04
—_ 1.00
§ o
. 0.96
0.92
-20
0.88
40 0.84
0.80
—40 -20 0 20 40
x [em]
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Efficiencies

Detection efficiency dominated by 3-fold 10 . . . .

coincidence requirement

o Estimated via novel waveform
simulation including systematic
uncertainties

Selection efficiencies estimated from
control samples or simulation
Data quality and seleclon cuts tuned to

Efficiency

calibralon data o single scaRer (WIMP-

Nuclear recoil energy [keV ]

like) events 2 fem?)
0 500 1000 1500 2000
Search region defined within 3-70 PE M & . e el %
: |
in corrected S1 ~20 i
|
remainin £ |
g § .| 1042kg
All events (cS1<200 PE) 128144 |
|
Data Quality & Selection 48955 e |
Fiducial Volume 180 " g e
3 PE < cS1<70PE 63 10 20 30 37 40 42 44

Radius [cm]
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Fitting Models to Calibration

70
Blue: ER Red NR: —: median, =2 60 Novel Rn220 internal source
8000 : 50 1{—+ _j; _:k _H_
4000 £40 _T' ﬁﬁf{: *HT%_ ~\‘l‘ l
S 30 /
2000 90 /
1000 [ MC S1 spectrum
1({)‘ Phys Rev D 95, 72008 (201 7) ++ DataSlZpetctrum
0 20 10 60 80 100
400 ¢S1[PE]

200 - Full modeling of LXe and detector

100 .
response in cS2, vs ¢S1 space

8000

4000 - All parameters fitted with no
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300 ‘ 5 R N L ﬂﬁlﬂﬁ
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Background Model

107!

Reference:
NR median - 20

S~

ER and NR spectral shapes derived > 1
from models fitted to calibration data 5

8 1073

3
Other background expectations are
data-driven, derived from control 10-4
samples 03 10 20 30

Electronic Recoil (62 +8) 0.26 (+0.11)(-0.07)
Radiogenic neutrons (n) (0.05 £ 0.01) 0.02

CNNS (v) 0.02 0.01

Accidental coincidences (acc) (0.22 £ 0.01) 0.06

Wall leakage (wall) (0.52 £ 0.32) 0.01

Anomalous (anom) 0.09 (+0.12)(-0.06) (0.01 +£0.01)

Total background (63 + 8) (0.36 + 0.09)

50 GeV/c?, 10-%6cm2 WIMP (1.66 £ 0.01) (0.82 £ 0.06)

40

50
Corrected S1 [PE]

Background NR median - 20, 3-70pe
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Dark Matter Search

100 |k (c) Dark matter search

Corrected S2 bottom |PE]

C 3 ]
50 [ | ] ]q JI5 |20 ] <5 ] 0 -

03 10 20 30 40 50 60 70
Corrected S1 |[PE]

» Extended unbinned profile likelihood analysis

* Most significant ER & NR shape parameters included from cal. fits
» Normalization uncertainties for all components

« Safeguard to protect against spurious mis-modeling of background

Julien Masbou, IRN Terascale, Montpellier, 3rd July 2017
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XENON1T Results
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From XENON1T to XENONnNT
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From XENON1T to XENONnNT

All major systems remain unchanged,
XENONA1T infrastructure designed for the
rapid deployment of an upgraded detector

Muon veto efficiency essentially the
same for XENONNT

Cryostat support and levelling systems
designed for an enlarged detector

Cryostat outer vessel can accommodate
new larger inner vessel

Cryogenic system designed to handle
additional heat load

Modular and scalable GXe purification
system

Kr distillation column can fulfill
XENONNT &Kr requirement

Modular, parallelized DAQ system ready
for XENONNT

Upgrades required for XENONNT

+ Larger cryostat inner vessel
+ New TPC

+ Additional ~200 PMTs, with lower
radioactivity already ordered

+ Additional minor DAQ electronics
+ LXe (~
+ New Storage System

8t in our hands)

+ Rn material selection (screening,
treatment) and new Rn distillation
column

Target mass of 6 tons,

sensitivity to spin-independent
WIMP-nucleon elastic scattering cross
sections of 1.6 x 1048 cm?

Current schedule:
start XENONNT in early 2019
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Upgrade: XENONNnT

* Quick upgrade of TPC and inner cryostat
« All major systems remain unchanged
« Construct TPC in parallel to XENON1T operation

« Upgrade starting 2018
[

XENONNT
|.4m

Julien Masbou, IRN Terascale, Montpellier, 3rd July 2017
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Conclusion

XENONA1T first results demonstrate that the detector is performing
very well

The measured background is the lowest ever achieved in a DM
detector: (1.93 + 0.25) 104 events /(kg day keV)

With only 34.2 days of exposure we have already obtained the best
exclusion limit in the world: 7.7 x 104" cm? @ 35 GeV/c?

Up to now, > 80 days addilonal days of science run have been
acquired (and detector slll running) and are currently under analysis

The foreseen sensilvity of XENON1T in 2ty is 1.6 x 1047 cm?

Planning a fast upgrade to XENONNT for another order of magnitude
in sensilvity

Julien Masbou, IRN Terascale, Montpellier, 3rd July 2017
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Background in XENON1T

Electron recoils (ER): 107

1000 kg fiducial target

 Low energy Compton scatters fromthe &  F Total
radioactive contaminants in the detector % 10 & *Rn
components: U and Th chains, 4°K, 69Co, = - Xe
137Cg R s K
. o0 10 — . materials r
* Intrinsic contaminants: B decays of 22Rn & = [ s
daughters, 8K, 136Xe. g el
» Elastic scattering of solar neutrinos off 22 =
electrons. R | |
1075 50 100 150
Nuclear Recoils (NR): Electronic Recoil Energy [keV]
[l L] -2
- Radiogenic neutrons: spontaneous ;
.. . — 107
fission and (alpha, n) reaction from the U =
and Th chains in the detector .
components. g
* Muon-induced neutrons (Cosmogenic) ERe
- Coherent scattering of neutrinos off the 5 | . radiogenic
. <
Xe nUC|e| (CNNS) A 107 cosmogenic
= material screening
Z ’
1071 EPJ C 75, 546 (2015
Muon veto design and performance: Lol ol L

11 111 111 I 11 1 1 | 11
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Earthquake of 18t January 2017

« Magnitude 5.5 earthquake ~20 km away detected

« Detector still operating and taking data

USGS ShakeMap : CENTRAL ITALY
Jan 18,2017 10:14:10 UTC M 5.7 N42.60 E13.23 Depth: 7.0km ID:us100071wj
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XENONI1T: Expected sensitivity
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assumptions: S1 interval: 3 — 70 PE ER rejection 99.5% @ 50% NR acceptance
— measured LY is ~2x higher than in XENON100!
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LZ = LUX + ZEPLIN
e Same location than LUX
e Turning on by 2020 with
1 000 initial live-days
10 tons total, 7 tons active,

L) )

[ XENONIT |

XENONNT:

* Quick upgrade of TPC and inner
cryostat

* All major systems remain unchanged

* Construct TPCin parallel to
XENONIT operation

 Upgrade starting 2018

8 tons total, 6 tons active
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