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» 5.9t active target mass » (Pure water for published results so far) » Diameter/Height 9.6m/10.2m, 700t water
» including ~8.9% 136Xe by natural » 120 8" high QE PMT » High reflectivity inner coating
abundance » 33 m3 volume » 84 Hamamatsu 8" PMTs
» active target diameter/height:1.3m/1.5m » Use neutron capture to tag neutron events at » Active veto against muon-induced neutrons
B the efficiency of 53% in pure water
» 494 Hamamatsu 3" PMTs » Passive veto against gamma rays and

» High reflectivity expanded PTFE neutrons from natural radioactivity
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3 NESTED DETECTORS: TPC/NV/MV SHARING SAME DAQ
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» (Pure water for published results so far)

» 120 8” high QE PMT

» 33 m3 volume

» Use neutron capture to tag neutron events at
the efficiency of 53% in pure water

» High reflectivity expanded PTFE
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3 NESTED DETECTORS: TPC/NVIMV SHARING SAME DAQ
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» Diameter/Height 9.6m/10.2m, 700t water

» High reflectivity inner coating

» 84 Hamamatsu 8" PMTs

» Active veto against muon-induced neutrons

» Passive veto against gamma rays and
neutrons from natural radioactivity
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XENON1T — XENONnT

» X3 Larger target mass (X4 fiducial mass): lower material background &
more exposure

'f rul\l /il llllll

» Triggerless Data Acquisition: All data above per-channel threshold stored
long term

» Open-source & faster processing software; Advanced computing structure

» Additional LXe purification: e-lifetime 0.65ms = ~15ms Radon Removal System L Xe Purification System

» Radon Distillation: 222Rn suppressed to ~1.8 puBqg/kg

4.0 / f . ,
: Radon Removal System: 1 f Radon Removal System: 3 . L |
: 53 GXe-only mode GXe+LXe mode . S :g :E g E
» 222Rn (majOr ER g, ' 4 RemOV|ng el Sig ig % %
background) mostly B _E electronegative Preliminary %'E } E% {5
. £ 3 S g . sy T10 192 2
from pipes, cables & 2 25f | g - : {  impurities (H20 7 20 £18 88 8
. ‘é ! ; | @ Preliminary ] — ! \ !
Cryogenlc SyStem g 2'0.- |: '|” ul I [l T 1l 1L Al L|’ ||’ ; I in |n ‘|| T 4 -‘% 42 I and 02) qé i * + ” { * } i
S I o IO T2 € i iy u| I B i I
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» Continuous distillation g Esg 0.8 uBa/kg | » Only ~14% charge E + b | W+ BRI (L
i ® g | : B R il E o
at ~70kg/h g 1o} S p b L. | gt pogit]  loss foratull drift M f’j,w == S it
a i b, ] )
05| S E t by TRy { length 1.5m r § SRO :
» Initial 222Rn i 5 i |
concentration: 4.3|JBC|/ 5‘"5; » LXePUR: Up to 16 ! i { 22Rn Purity Monitor, 68% quantile i
kg = 1.8uBa/kg : tonne/day L i
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DETECTOR CALIBRATION

FIRST SCIENCE RUN: SRO

» 97.1 days of exposure = ~1.1 tonne-year
exposure, with Fiducial Volume (FV)

» 4.18+0.13 tonne for Nuclear Recoil (NR) search

» 4.37+£0.14 tonne for Electronic Recoil (ER)
search

» Blind analysis in FV and low energy region for
both NR and ER

Livetime [days]

100 =
220Rn data
s AmBe data
83mKr data
60 | SRO data
Hotspot
40 -
TED
3TAr data
20 -
0 -
2021-05 2021-06 2021-07 2021-08
o Data outside FV
-25
~50 Blinded!
£E _5
N

SRO

Commissioning
ﬁ

—100

—-125

—150

| | |
0 20 30 40 50
R [cm]

2021-09

Date (UTC)

cS2 [PE]

97.1 days

2021-10 2021-11 2021-12

- Events in FV Blinded Region
+ Events in ER ROI —— 200 GeV/c? WIMP
o Events in WIMP ROI —— 2.3 keV ER peak

EYVERE R
4y ¢ " 0.

100 150 200 250

cS1 [PE]

; 50 .
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FIRST SCIENCE RUN: SRO

ER search
blind region
Extremely stable detector response: <~1%
» Calibrations: Light/Charge Yield fluctuation over SRO
» 83mKr: Uniformly distributed gamma events
220Rn:
4 Rn: ER band cS1 [PE]
» 37Ar: Uniformly distributed 2.8 keV ER » Uniformly distributed in TPC

events . .
» 220Rn is useful to study detector response/data selection of ER

(37Ar was removed by krypton distillation after SRO)
» 37Ar is especially helpful in modeling near energy threshold

» Combined 37Ar with 220Rn to fit microphysics+detector
response model



DETECTOR CALIBRATION

FIRST SCIENCE RUN: 5SRO

M|

4.44 MeV 599 MeV Trpc

Tnveto
center

» AmBe: NR band

Neutron events tagged by time coincidence between
S1in TPC and 4.44 MeV gamma event in NV

NR search
blind region

10% = — -
E - =.[212Pb beta-decays| —-._
I ‘~ - S .
ER+2g>----"""S . S —
‘ ' -""":"*r—"f.-f—.:. e
SN
S . B | 4 \‘
AmBe Tagged NRs \‘\
= xS 1= = | o
| © | O O = - O
| < . < | < < \_
- Z | Z 1 Z Z |z
| 7 . | = 7 | 70
102 L 1 L L I ‘ I :
0 20 40 60 30 100 120
cS1 [PE]

» Neutrons mostly from 9Be capturing 24'Am’s a-decay

» Pure neutron (99.99% purity) events tagged by NV in a
400 ns wide coincidence window

» Fitted with microphysics+detector response model for NR


https://hds.hebis.de/ubmz/Search/Results

FIRST LOW ENERGY ELECTRONIC RECOIL SEARCH RESULT

10

UNBLINDING LOW ER SEARCH 5 ) e e
1 Data Kt — Solar v - Materials — !3Xe

50

40
» ER background built on low energy ER sideband E;SO
» Dominated by flat beta spectrum from % 20
222Rn daughter: ~1/7 of XENON1T thanks =
to Radon Distillation and more xenon : IR e A\ —
b _(2) | | | | |
0 20 40 60 30 100 120 .

Energy [keV]

1 Rn atom in 10mol xenon!



FIRST LOW ENERGY ELECTRONIC RECOIL SEARCH RESULT

UNBLINDING LOW ER SEARCH

» ER background built on low energy ER sideband

» Dominated by flat beta spectrum from 222Rn
daughter: ~1/7 of XENON1T thanks to
Radon Distillation and more xenon

» Can clearly see double weak processes,
and used them for calibration

- BO - 214Pb o 136Xe - 83mKr
1 Data ®Kr - Solarv — Materials — 3*Xe

50

Events/(t-y-keV)
N w IS
o (@] (@)

p—
)

B0 120 | 2VPP

00

\ 8IO
Energy [keV]
KL+KM+KN

Ty = (1.15 4 0.1354a; + 0. 14Sys) XM

WAS RAREST PROCESS EVER OBSERVED
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UNBLINDING LOW ER SEARCH
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» Unblinding result

» Unprecedented low background

» XENON1T excess was most likely tritium
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» The signal characterization analysis has been cross-
checked with an independent analysis using a Bayesian

Network

't
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1 Data $Kr
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FIRST LOW ENERGY ELECTRONIC RECOIL SEARCH RESULT

LIMITS ON BSM PHYSICS: LEADING AMONG NON-ASTRONOMICAL OBSERVATIONS

9ae ¥ €
e A\a

» Solar axions

Y
Jay n
- Jan
° y n A2

» Inference done in (gae, Jay, Yan) but
projected in 2D

» Neutrino magnetic moment
» Using solar neutrinos
» Bosonic DM

» Axion-like Particles (ALPs) and dark
photons
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FIRST NUCLEAR RECOIL SEARCH RESULT
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BACKGROUNDS IN NR SEARCH

» Low ER leakage into NR blind region
» Dominated by beta decays from 214Pb, a daughter of 222Rn
» Estimated fraction events below NR band median: 1.1%

» Accidental coincidences
» Random unphysical pairing of S1 and S2 signals

» Strongly suppressed based on a gradient boosted decision tree,
using S2 shape, R and Z information

» Surface background model

» “Surface” events due to ERs from 210Pb plate out at detector walls
(with charge loss)

» Use events reconstructed outside the fiducial volume and a KDE
to create a smooth template for ROI

» Neutron events from spontaneous fission and (a,n) reactions

» Modeled in a combination of data-driven approach and MC

EEN ER

20

NR 70 Surface mm AC

40 §]0)
cS1 [PE]

30

100



FIRST NUCLEAR RECOIL SEARCH RESULT

UNBLINDING NR SEARCH

s AC mm ER e Surface 7 WIMP

104

Nominal Best Fit
ROI Signal-like
ER 134

Neutrons 1.179° E'
CEvNS 0.23 = 0.06 a ¥
AC 4.3 +0.9 ~
Surface 14 + 3 Cg
Total Background 154 -

WIMP -

Observed -

o
-
W

o —_——_——“—_—'

20 40 60 30 100
cS1 [PE]
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UNBLINDING NR SEARCH

152 events in NR/ER search region, 16 in NR blinded region

» No significa nt excess BN ER W Surface Neutron HEElAC BN WIMP
Nominal Best Fit

ROI Signal-like
ER 134 135+121  0.9240.08 S
Neutrons 11tgg 1.1£+£04 0.42 +0.16 E i;gn::::;tz ;e(?;:)zf
CEvNS 0.23 = 0.06(0.23 &= 0.06|0.022 = 0.006 a¥ a 200GeV/c2 WIMP
AC 43409 44793 0.32+0.06 . omdbtomoise
Surface 14 + 3 12 + 2 0.35 £ 0.07 ) ratio
Total Background 154 152412 2.03f8:}; ©
WIMP - 2.6 1.3
Observed - 152 3

0 20 40 60 30 100
cS1 [PE]

(Assuming there is WIMP!) Event represented with pie-chart showing the
fraction of the best-fit PDF for a 200 GeV mass WIMP
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LIMITS ON WIMP SI INTERACTION WITH NUCLEONS

» Median upper limit @ 90% confidence PRL 121, 111302 (2020)
(Feldman-Cousin construction obtained by MC) PRL 129, 161804 (2022)
for Log-Profiled-Likelihood-ratio

10-43 W 1 o sensitivity 2 0 sensitivity 1043
Q(O') = —2lo L(O', v, ) — PCL to median 10-44 — PCL to median
8 L (6', é ) -=== without PCL 2 -=== without PCL

» Blinded WIMP dark matter search with 1.1
tonne-year exposure

WIMP-nucleon cross-section 5 [cm?]

[I [ [ [T [

) ) ) ) (@)
| | | | |
I A I I I
oo ~J (@)} ol —

WIMP-nucleon cross-section oS![cm?]

| , , L a1 , . . 10—48 e " ; T T T |
10 102 10 102
| - WIMP Mass Mpy [GeV/c?] WIMP Mass Mpy [GeV/c?]
med.lan unconstrained limit . .
- - - - medantlo Comparison to other Comparison to other
--------------- observed unconstrained limit
s— PCL blinded analysis unblinded analysis

My

Power constraint limits (PCL) to avoid problematic spurious exclusion
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CONCLUSIONS AND OUTLOOK

» Blinded analysis of ER data with 1.1 tonne-year exposure

» Excluded XENON1T excess

» Unprecedented low ER background (15.8+1.3) events/
(tonne-year-keV)

» Blinded WIMP dark matter search with same data in SRO
» SR1 data taking ongoing for many months

» Further reduction of 222Rn content due to GXe + LXe radon
distillation

» Lower neutron background powered by Gd-loading NV

» Searches in other channels ongoing: S2-only, CEvNS...

» Next generation in preparation...

Events/(t-y-keV)

cS2 [PE]

B ER B Surface

- 1'24Xe o 8311|Kr
Materials — Xe

80
Energy [keV]

Neutron M AC

40 60
cS1 [PE]




NEXT GENERATION: DARWIN COLLABORATION = XLZD CONSORTIUM

19

DARWIN: TOWARDS THE ULTIMATE DARK MATTER DETECTOR

» Main goal: to reach the "neutrino fog” with ~50t xenon

» R&D: full scale demonstrators in progress

» Consortium merging DARWIN/XENON/LZ: XLZD

SK
=
A/
7
S
-
o
)
)
)
=
o
>
=

WIMP mass [GeV/c?]

The shaded gray area indicates the ‘neutrino fog’, specifically where
more than 1, 10, 100, etc neutrino events are expected in the 50%

PANCAKE at University of Xenonscope at University of
Freiburg: 2.75m diameter Zurich: 2.6m drift length most signal-like S1/S2 region.



=~
. o

Ed

@xenon_experiment

- —

-~

@XEN.ONex'periment

20

siEEEd

%+

E:g:

XENON






Q-Balls

Il vees

SuperWIMPs

I| I| II [| I| I| I| I| Il Il I| I| II I| l| I| I| II II [| I| I| I| I| II II I| I| I| I| I| I| II III
10 10" 10 10> 1072 10 10* 10’ 10 10 10" 10"

Dark Matter Mass [GeV/c?]

illas

N

: == S ed |
e e oo .
N L\ Structure
N . . -

“formation,

.

»
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DIRECT DETECTABILITY OF DARK MATTER

PHYSICAL REVIEW D VOLUME 31, NUMBER 12 15 JUNE 1985

» Direct Detection: record the rare

occasions that particle DM scatters
Mark W. Goodman and Edward Witten
Off a t a rg et m ate r-i a I Joseph Henry Laboratories, Princeton University, Princeton, New Jersey 08544

(Received 7 January 1985)

Detectability of certain dark-matter candidates

We consider the possibility that the neutral-current neutrino detector recently proposed by
Drukier and Stodolsky could be used to detect some possible candidates for the dark matter in galac-
tic halos. This may be feasible if the galactic halos are made of particles with coherent weak in-
teractions and masses 1—10° GeV; particles with spin-dependent interactions of typical weak
strength and masses 1—10% GeV; or strongly interacting particles of masses 1—10" GeV.

Direct detection

Thistalk

X

A

Indirect
detection

Production
at colliders

\
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DIRECT DETECTABILITY OF DARK MATTER , WIMP: Supersymmetry

This talk » Axion: strong CP problem

» Direct Detection: record the rare W G
. . 1022eV  “uhee w0fev Moy 10 Mg
occasions that particle DM scatters “ | D
Oﬁ d ta rg et mate rial “Ultralight” DM “"Light” DM WIMP | Composite DM Primordial
non-thefmal dark sectors « baﬂ mesets e black holes
bosonic fields sterile v
. . . can be thermal
» Differential rate per unit target mass:
Cryogenic Superheated

bolometers liquids

PHONONS / HEAT

number of target per DM-SM scattering
unit target mass cross section T \
Want to measure this! Cryogenic bolometers Scintillating cryogenic
dR dO' 3 with charge readout bolometers
iEn = Nrn, T vf(v)d’v
Germanium \ Scintillating
Recoil energy DM number DM velocity detectors crystals
spectrum density distribution ‘CHARGE LIGHT
Directional I&f;'d :;):elet-i?naes Liquid noble-gas
detectors P detectors

projection chambers

This talk
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RESULT OF A DIRECT DETECTION EXPERIMENT (WITH DISCOVERY POWER)

» “Counting experiment”

» Select a signal region where the ratio of signal to
expected background is high

» Estimate the background in search space

Expected background
distribution

Measured events
L] L]

Discrimination
Discrimination

| 3 Expected signal
Emin Emax distribution
Recoil energy Recoil energy
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RESULT OF A DIRECT DETECTION EXPERIMENT (WITH DISCOVERY POWER)

» “Counting experiment”

» Select a signal region where the ratio of signal to
expected background is high

» Estimate the background in search space
» Two most important tasks
» Understand how signals and background look like

» Discriminate background events in search region

Expected background

Measured events . .
distribution

Discrimination
Discrimination

. : Expected signal
Emin Emax distribution
Recoil energy Recoil energy

Cross section

Lower \

energy
threshold

Reference |
I|m|t

Smaller target
nucleus

Increased
Exposure

Signal contour

Sensitivity

DM mass

vvvvvvvvvvvvvvvvvvvvvvvvvvvvv

Reference

‘target mass

sensitivity

Increased
background |

Improved
discrimination

Increased

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

Exposure



DARK MATTER DIRECT DETECTION

27

EXAMPLE DETECTOR: OBSERVABLE SIGNALS IN XENON

» Incident particles (including DM) deposit energy via some Electronic Recoil (ER)

mediator into xenon atom

Axion?

e

Nuclear Recoil (NR)

WIMP?
>0

@ Xcion

@® clectron
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EXAMPLE DETECTOR: OBSERVABLE SIGNALS IN XENON

» Incident particles (including DM) deposit energy via some Electronic Recoil (ER)

mediator into xenon atom

» Initial interaction leads to either recoiled xenon ion or electron Axion?

e

Nuclear Recoil (NR)

WIMP?

@ Xcion

@® clectron
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EXAMPLE DETECTOR: OBSERVABLE SIGNALS IN XENON

» Incident particles (including DM) deposit energy via some
mediator into xenon atom

» Initial interaction leads to either recoiled xenon ion or electron

» The recoiled ion/electron scatter intensely with other
xenon atoms, leading to either ionization or excitation

Energy deposit
X gy aep R X

Look for WIMP
collisions with DM-SM
atomic nuclei mediator

Standard Standard
Model states Model states

Electronic Recoil (ER)

Axion? ‘ .‘

Nuclear Recoil (NR)

@ Xcion

@® clectron
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EXAMPLE DETECTOR: OBSERVABLE SIGNALS IN XENON

Electronic Recoil (ER)

» Incident particles (including DM) deposit energy via some
mediator into xenon atom

» Initial interaction leads to either recoiled xenon ion or electron

» The recoiled ion/electron scatter intensely with other xenon

atoms, leading to either ionization or excitation ® clectron
Nuclear Recoil (NR)

» Iterate processes above with incident particle replaced by
secondary particles (either electron or xenon ion)

X Energy deposit X

Look for WIMP
collisions with DM-SM
atomic nuclei mediator

Different ratio of excitation/ion in NR/ER &
o density/shape of tracks thus recombination

Standar andar . . . . .

Model states ﬁ,.todi Sfates ratio = Discrimination power for NR/ER
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EXAMPLE DETECTOR: OBSERVABLE SIGNALS IN XENON

Electronic Recoil (ER)

2)
heat (lost) |, qhard N
wnching 3) €=
ionization B J
1) b > XeT+ e escape electrons
$,
b\\\\‘\\\\% / l+Xe : @® clectron
T recombination Nuclear Recoil (NR)
. e \\ \\\ ‘** +
excitation S Xes Xes 4)
3) 5) e
v +Xe*
Xe™ < Xe**+Xe
+Xe

de-excitation photons

Xe2
178 nm 178 nm
triplet (27 ns) singlet (3 ns) Different ratio of excitation/ion in NR/ER &

density/shape of tracks thus recombination
ratio = Discrimination power for NR/ER
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THE XENONNnT DETECTOR

TPC WORKING PRINCIPLE

» Dual Phase Xenon Time Projection Chamber

» An interaction deposits energy, scintillation
photons (S1) and charge is liberated. S1
photons reaches photomultiplier tubes.

Nuclear Recoil (NR)

@® clectron

34
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TPC WORKING PRINCIPLE

» Dual Phase Xenon Time Projection Chamber

» An interaction deposits energy, scintillation
photons (S1) and charge is liberated. S
photons reaches photomultiplier tubes.

» Escaped electrons drift up.

Anode:+4.9kV
Gate:+0.3kV

oL,

FT T T 0

o
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TPC WORKING PRINCIPLE

» Dual Phase Xenon Time Projection Chamber

» An interaction deposits energy, scintillation
photons (S1) and charge is liberated. S
photons reaches photomultiplier tubes.

» Escaped electrons drift up.

» Electrons get extracted out of liquid surface by relative sizes
a stronger field, making stronger scintillation lectronic Recoll (ER)
‘ 8000
(S2). ¢ o. .
Axion? ° O @ 00

- : : : o °9e
» 3D position reconstruction—Fiducial Volume O ®% ¢ xcion

® electron 1000 |- S

Nuclear Recoil (NR)

&
[ ) [ ) [ ) ] g
» ER/NR discrimination o .o IS
O g00[=luggeiy . "
WIMP? @ ® 8 |
. . ; 200 v Y
. ':':‘-' ’ g ’ g
9 °o\9 oo, - . Electronic Recoils

® : Nuclear Recoils
5 . | | | | | | | . | .

o 0 3 10 20 30 40 50 60 70 80 90 100 110 120
: Corrected S1 [PE]

Example NR/ER band a previous generation XENON detector



THE XENONNnT DETECTOR

TPC WORKING PRINCIPLE

» Dual Phase Xenon Time Projection Chamber

» An interaction deposits energy, scintillation
photons (S1) and charge is liberated. S
photons reaches photomultiplier tubes.

» Escaped electrons drift up.

» Electrons get extracted out of liquid surface by

a stronger field, making stronger scintillation
(S2).

» 3D position reconstruction—=Fiducial Volume
» ER/NR discrimination

» Blind analysis inside FV for <10keV!
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Example NR/ER band a previous generation XENON detector

120

39



THE XENONNnT DETECTOR

40

RADON REMOVAL STRATEGY

Sources in
contact of LXe

Sources in
contact of GXe

Sources in
upstream of RRS

Type la
~50%

Type 1b
~50%

Type 2
~0%

System

LXe TPC
Inner vessel
GXe PUR
[.Xe PUR
RRS-outlet
CRY
Cables
RRS-inlet
[L.Xe PUR

Value [WBg/kg]

1.11

0.30

0.21

(1 —erp)x 043
0.19

1.36

0.85

0.3

erpx 043

Extracted and bring it to the
Radon Removal System

Extracted before the radon
undergoes the phase-change

Easily removed
by RRS
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FIRST SCIENCE RUN: SRO

» 4.18+0.13/4.37%0.14 ton fiducial
volume for NR/ER search & 97.1

days of exposure = ~1.1 ton-year

exposure

» Calibrations:

35
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30\ — - XENONIT
) \\ =+ XENONNT
= 25| ® XENONNT Data
2 | W
S 20F \\
s %
o 15 B > T
=
)
é 10
5 -
Preliminary 7
01 10 102

Energy [keV]

Extremely stable

detector response:
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fluctuation over SRO
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FIRST SCIENCE RUN: SRO

» 4.18+0.13/4.37+0.14 ton fiducial
volume for NR/ER search & 97.1
days of exposure = ~1.1 ton-year

exposure

» Calibrations:

» 83mKr: Uniformly distributed

gamma events

Useful for
reconstruction
uniformity correction
and detector response
monitoring.

Yobslcm]

ssmKr Rate [A.U.]

pos_rec=cnn, S2total correction

Relative size
correction for S2s in
x-y plane
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Correction Coefficients
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S2 corrected for depth

cS2: also corrected for
inhomoaeneous response |

o

P S T T R S T e T i
5000 10000 15000 2000C

S2[PE]

N
o}
T

[\
o
T

10}
—
)
o
51 2
g
3
0 -140 -120 -100 -80 -60 -40 -20
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Normalized events per bin

Light Collection Efficiency [%]
—
(6]

Tuned MC to match
photon propagation
attenuation along z

—— Optical simulation
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37Ar REMOVAL

37T Ar [events/(kg - d)]

Norm. Res.

175 -
150 -
125 -
100 -
75 -

50 -

25 4

XL
Injection 1
Injection 2

Injection 3

Configuration 2:
Evaporated-liquid-
only purification
without distillation

&

Configuration 6:

Standard purification with
upgraded gas-volume-only
distillation

Time since 22 Oct 2018 [d]

1

10

15

20

43



DETECTOR CALIBRATION

AmBe CALIBRATION: NV COINCIDENCE SELECTION
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XENONTT LOW ER EXCESS

» In 2020, XENON1T observed an excess in
electronic recoil energy spectrum, above expected
background

» Could be tritium traces, which cannot be
confirmed or excluded by XENON1T

» If not tritium, then could be new physics like
solar axions (3.40), neutrino magnetic moment

(3.20) etc.

» XENONNT top priority: Confirm or exclude this
excess

events/(t-y-keV)

120

100

60

Events/(t-y-keV)

40

20} |

— — H(): B() """ ABC axion —

— Hi: By +axion  ==-ee- 57Fe axion
------ Primakoff axion |

“
.............
@
®

Energy [keV]

Based on axis-electric effect
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DECOUPLING TRITIUM

» Better tritium reduction in XENONNT

» Two months of outgassing, and purification of gaseous
xenon with Zr getters and 3 weeks of gaseous xenon
cleaning reduces possible hydrogen contamination...

» Tritium Enhanced Data

» Bypassing getters in the purification loop would
increase the equilibrium hydrogen concentration in the
detector at least 10 times higher.

» Taken data for 14.3 days after main SRO for blind
analysis, enough to conclude tritium is NOT a
significant background in XENONNT.

140

120
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1.0_ ,,,,,,,, "*."“‘ &
EFFICIENCIES : 3
g 08F ¥
I3
= 3
m 0.6 S N
» Low energy (<~2keV ER) efficiency dominated by S1 3-fold tight- S
coincidence requirement o 0.4 % i
9 Preliminary
)
» Estimated with detail-modeled waveform simulation (WFSim), 2 02F - ' , ,
. : A { Waveform Simulation
and verified by a data-driven approach 00k++ | | Datadriven Method

0 o) 10 15

» Good agreement
Number of Photons Detected

» Higher energy (> ~2keV ER) efficiency dominated by data

1.0F -_
selection cuts | Detection | average
! *Selectlon total
sl | » ' otal cut
» S2 over 500 PE i Total | efficiency:
o . o % i 86%
» Nothing in veto time coincidence <300 ns = 0.6r | T
» S1/52 peak quality cuts = 04 | bump due to ER
leakage into still-
0.0 -

1 | 10 | '””.102
Energy [keV]
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WIMP SEARCH IN XENON DETECTOR

» Predicted by Supersymmetry

» Cold DM, mass in ~(GeV, TeV)

» Follow Standard Halo Model (isothermal) =+ Capped

Maxwell velocity distribution

» DM-SM scattering (NR) rate by astrophysical inputs,
particle physics (goal!) and detector physics

Measured rate = DM energy DM escape DM velocity
density velocity distribution
dR o 1 Vesc

dEr  m, mpy
Recoil energy DM mass Xenon
to infer

do i
dER

do

x A?

i dER SI

Umin
detector energy
atom mass threshold

_|_

do

dv f(v)v

do )

B\

DM-SM scattering
cross section

dER SD.
X ja Sn) Sp

Dark matter halo

Milky Way model

— Galactic frame
—— Local frame

Modern observations
I

Vesc + VE

I 1
0 100 200 300

I 1 I I 1
400 500 600 700 800

Speed (km/s)

1= Elastic scattering:
2 4,2
U v
%\ Er =—= (1 — cos(6p)
A my
-] \\ . mymy
d |\, with u = ——=
[ |I \ A N X
QO | \ \
+ | \ \\
S IR
=1 N AT
= '\ Y\ WIMP
O | \ \
NI \
|
@ | NN
=
— | \
o “ \ N
Z | NN
\ \\ ‘;()\\\ )
\\ \\ (].(] \\\(\,')()() ( ‘
v \\\--[7(_ ~~<Sey,
v 10 GeV/c* ey S~ 4L
1 ] 1 S Ty __ ]
0 10 20 30 40 50 60 70 80

Nuclear recoil energy [keVnr]




FIRST NUCLEAR RECOIL SEARCH RESULT

49

EFFICIENCIES

» Search in cS1-cS2 space

» Adopted same detection efficiency as a
function of photons detected as in low

ER search

» Almost the same S1/52 peak quality data
selection as in low ER search

Normalized rate [a.u.]

o \\\\ — . . L
I o e LY e
A ‘ . oo %ol Ce N® o
] o 0. o v \ o /;79’ ﬁ\
cn o o R A L
° \ \
SRO data
A WIMP search
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s / -..\ \ E)gcluded region
% ] i | \ | { | ]
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10k Detection
' Selection
)
|\ —
\ —
0.8 ; \“\ ROI
1\
Y
2
|
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) I
o ] |
Hooal N0
0.4 al \ \\
1 \ \
| \\ \\
ll \\ N
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O .2 1 \\ 50 \\
N SO 2
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EFFICIENCIES

» Fitted AmBe neutron calibrations to microphysics+detector model

» Search in ¢S$1-cS2 space

&= XENONnT SRO (23 V/cm)
20.0 F === NEST vl (23 V/cm)

——NEST v2.3.9 (23 V/cm)

#== XENONIT (81 V/cm)
17.5F & Aprile 2005 (0 V/cm)

Aprile 2009 (0 V/cm)
~ Plante 2011 (0 Vicm)
15.0F % Manzur 2010 (0 Viem)
4 LUX 2017 (180 Vicm)
-4 LUX 2022 (400 Vicm)

12.5

10.0

Photon yield [ph/keV]

7.5

5.0

2.5

Total efficiency > 10%

XE
Fre

M M A A P |
0.0l 10

Nuclear Recoil Energy [keV]

10°

Charge yield [e ~ /keV]

12F

10 F

#== XENONNT SRO0 (23 Vicm)
=== NEST v1 (23 Vicm)
—— NEST v2.3.9 (23 V/cm)
#== XENONIT (81 V/cm)
XENON100 (530 V/cm)
& Aprile 2006 (2 kV/cm)
4 Sorenson 2009 (730 Vicm)
“+ Manzur 2010 (1 kV/cm)

4 LUX 2017 (180 V/icm)
- LUX 2022 (400 V/cm)

Total efficiency > 10%

ad

10 102
Nuclear Recoil Energy [keV]

~
~e
~~n

SRO data
WIMP search
region (blinded)
Excluded region

20 60 80 100
cS1 [PE]

Counts / bin
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BACKGROUNDS IN NR SEARCH

» Low ER leakage into NR blind region
» Dominated by beta decays from 214Pb, a daughter of 222Rn

» Estimated Fraction events below NR band median: 1.1%

B ER

20 40 60 80 100
cS1 [PE]

"~ - ) _— . i

. \-\.\ " ~.[212Pb beta-decays ~.Q

\.\. . - \.\. \.\. __——\-_._:.._._
\.\ ' __EK'———_K'\ ~

37Ar ’—__\_—— ..\ T _____

~ T o o

NR search

blind region
o \
= | o | L = lun
X | © L O O
| o | o | = i
L | ® @ L ® o
| < . < | < | < | 4
12 |z Z 'z 12
|7 o | = | P | %

102 | [ | | | 2
0) 20 40 60 80 100 120

cS1 [PE]
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BACKGROUNDS IN NR SEARCH

» Low ER leakage into NR blind region
» Dominated by beta decays from 214Pb, a daughter of 222Rn
» Estimated Fraction events below NR band median: 1.1%

» Accidental coincidences
» Random unphysical pairing of S1 and S2 signals

» Strongly suppressed based on a gradient boosted decision tree,
using S2 shape, are and Z information

B AC B ER

0 20 40 60 80 100
cS1 [PE]
Template generated by 42 01 R s
pairing isolated $1/52 @ 10-3
and their ambience -
104

3

:l‘ 103
validated on sidebands 4
(all cuts but not S2
width+S2 BDT) and low
energy calibrations

0 20 40 60 80 100 10-
cS1 [PE] Events/bin
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BACKGROUNDS IN NR SEARCH

» Low ER leakage into NR blind region
» Dominated by beta decays from 214Pb, a daughter of 222Rn
» Estimated Fraction events below NR band median: 1.1%

» Accidental coincidences
» Random unphysical pairing of S1 and S2 signals

» Strongly suppressed based on a gradient boosted decision tree,
using S2 shape, are and Z information

» Surface background model

» “Surface” events due to ERs from 210Pb plate out at detector
walls (with charge loss)

» Use events reconstructed outside the fiducial volume and a KDE
to create a smooth template for ROI

» Fine-tuned fiducial volume radius to suppress

3.82d

3.1m

27 m

222

Rn

86

218

Po

84

214

Pb

82

A

Bm AC mm ER s Surface

104 |

0 20 40 60 80 100
cS1 [PE]

+ ER data « Data outside FV
e ER data<10 keV

;
. » 13

.- '..n > N

—40 Nisr, -5

v pFont

214
Bi

83

138d —60 .:'.. s &ote

20 m

—80 |

Z [cm]

~100F5

_1zo iR

FV is more

—140 kot

stringent than ER

0 20 30 40 50 63

-160
R [cm]
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BACKGROUNDS IN NR SEARCH

» Low ER leakage into NR blind region
» Dominated by beta decays from 214Pb, a daughter of 222Rn

» Estimated Fraction events below NR band median: 1.1%

» Accidental coincidences
» Random unphysical pairing of S1 and S2 signals

» Strongly suppressed based on a gradient boosted decision tree,
using S2 shape, are and Z information

» Surface background model

» “Surface” events due to ERs from 210Pb plate out at detector

walls (with charge loss)

» Use events reconstructed outside the fiducial volume and a KDE
to create a smooth template for ROI

» Fine-tuned fiducial volume radius to suppress

» NR background

» Neutron events from spontaneous fission and (a,n) reactions

20 contour of 200GeV

WIMP template

cS2 [PE]

Neutron backgrounds
looks very similar like

WIMP!

B AC mm ER mm Surface 0 WIMP

104

103

cS2 [PE]

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

-
-----
—

Background templates generated via full-scale

100

20

10

NR rate [(ty)~!]

40 60 80 100
cS1 [PE]
104

Neutron+X

Neutrons waveform simulations + analysis chain

[
o
A

NR rate [(ty)~']

11075
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UNBLINDING

» Asymmetric event spatial
distribution?? BN ER I Wall Neutron I AC I WIMP B ER I Wall Neutron [l AC W WIMP

» Checked x-y distribution of the 60
following and found no spatial 40 =25
f
preference 00 _50 k-
» Data selection cuts g .
O 0 ., —7b5
» Detector effect correction >
=20 -100
» Unblinded events in ER band 10
- -125
» No significant angular preference in —60 .
materials ~—— tt 51 0 e e W S e —— e
-60-40-20 0 20 40 60 0 20 30 40 50 63
» No significant angular preference in X [cm] R [cm]

unblinded ER events near NR band
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LIMITS ON WIMP SD INTERACTION WITH NUCLEQONS

» Median upper limit @ 90% confidence
(Feldman-Cousin construction obtained by MC)
for Log-Profiled-Likelihood-ratio

0 1 o sensitivity 2 0 sensitivity " 1 0 sensitivity 2 0 sensitivity

p—
-
|
w
~

[N
-
I
W
00)

L(a,é)
L(6,6)

'\ WIMP proton-only coupling

WIMP neutron-only coupling

q(0) = —2log

p—
-
I
w
oo
1

» Blinded WIMP dark matter search with 1.1
tonne-year exposure

p—
-
|
NN
O
|

10—42 raal ) L e ool L . . e g a1
10 107 10 107

WIMP Mass Mpy [GeV/c?] WIMP Mass Mpy [GeV/c?]

WIMP-proton cross-section o, [cm?]
—_ —_
o o
- &
- ©
1

WIMP-neutron cross-section oy [cm?]

median unconstrained limit
— — — — median £ 1o
--------------- observed unconstrained limit

Sensitive in 129Xe and 131Xe only

My

Power constraint limits (PCL) to avoid problematic spurious exclusion
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NEUTRINO FOG LANDSCAPE

Gradient of discovery limit, n = —(dInc/dIn N)~!
2 3 4 5 6 7 8 9 10 11

» Motivation of neutrino fog rather than '

10~40 T T TTTTT] E |
floor -
10—41 E E 10—44
° ° DarkSide E E
» Severity of neutrino background - ; = |5
is highl ndent on = =
s hig y depende t.o - -
uncertainty of neutrino flux
104 10-47

» Uncertainty improves over time
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» The DM and neutrino signals are
never perfect matches.
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» The spectrum discrimination will

SI WIMP-nucleon cross section [cm?]

help regain sensitivity for DM
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8B COHERENT ELASTIC NEUTRINO-NUCLEUS SCATTERING (CEVNS)

» CEVNS: a long-wavelength (low momentum
transfer) Z boson can probe the entire
nucleus, and interact with it as a whole

» “neutrino fog” from solar 8B neutrinos, with
~1keVnr NR signature in NR

= =
o o
N w

/

Rate [keV~*t7 y™*]
= =
S 9

[
<
w

[
2
S

10°
Recoil energy [keV]
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8B COHERENT ELASTIC NEUTRINO-NUCLEUS SCATTERING (CEVNS)

CEvNS: a long-wavelength (low momentum
transfer) Z boson can probe the entire nucleus,
and interact with it as a whole

“neutrino fog” from solar 8B neutrinos, with
~1keVnr NR signature in NR

Same analysis searches for light dark matter

Challenge: increase signal acceptance ratio from
~0.05% to ~1% while controlling background

» 3—2-fold PMT tight-coincidence
» Lower minimum S2 requirement
Major background: Accidental Coincidence

» GBDT trained on S1-S2 correlation
significantly suppressed AC rate

DM-nucleon cross-section os; [cm?]
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0.5

-0.5

—# XENONIT
B COHERENT Cs
.. COHERENT LAr 2

B CHARM

-1.0

1.0 —0.5 0.0 0.5 | 1.0

av
Eee

CDMSLite (2018)

CDEX-10 (2018)
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1043 XENONI1T S2-only (2019)

10—44

LILI LI LI LILELAL LU LU LI
I I I I [

P 2N XENONI1T (2018)

. .
_—‘"— \

T DM discovery threshold (1000t X y)
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Constraints on non-
standard vector couplings
between the electron
neutrino and quarks

XENON1T 8B
CEVNS: 2 events

Low mass spin-
independent DM-nucleon
cross section
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52-0ONLY SEARCH FOR LIGHT DARK MATTER

10740 2 E _ 10-36
» Can extend search (without discovery power) to T :
. . . o 10-42 : i 110-37
S2-only signals for DM with low recoil energy s | |
.;.8 1043 DarkSide-50 S2-only ]
2 = XENONIT : \& {10738
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» With better S2-only background modeling, S e] P e | .
larger exposure with triggerless DAQ, and very 1074} (A): ST DM-mucleus scattering (B): Light mediator
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