Detecting collisions of
Dark Matter
with ordinary matter
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Much astrophysical evidence for Dark Matter

On all distance scales in the Universe!

Rotational Curves Anisotropy in CMB

Weak Lensing Large Scale Structure

Galaxy Clusters



Cosmological Evidence for DM
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Dark Matter Candidates
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What is Dark Matter?

e Tens of dark matter models

e Candidates span 90 order of magnitude in mass, 40 orders of magnitude in coupling
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Cartoon of Models
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Detection of DM Particle Recoills

WIMP speed distribution f(v)

Assume WIMP is not only gravitationally interacting

M. W. Goodman and E. Witten, Phys. Rev. D 31, 3059 (1985).

WIMP Target Nucleus WIMP

from galactic halo in laboratory Elastic collision

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

v~220 km/s v~0 km/s Or
Er~20 keVr
2 92
Uev mr Fip
En = (1 — cos6) Vmin = .
T Z,u
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What can be measured?

We measure:

dR(t) @ e g/ do Need input from
dE R - N/,U | a”y dEp U'f(v’ve(t)) Astrophysics

Imin

Effective interaction Lagrangian (low E limit, vwimp~10-3¢):

Lot = foXXqq + dgXV" 7V’ XTVY q + -

Scalar Axial

with scalar (Sl) and axial-vector (SD) couplings:

do B T
dER N 2#2?]2

[O-SIFgl(ER) +ospFsp (ER)}
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WIMP-Nucleus Cross Section

Spin-independent cross section:

2

41 2 Better sensitivity
OSI — o [pr+(A_Z)fn] x A* with high A

Spin-dependent cross section: Need nucleus with spin:

I9F, 23N, 73Ge, 271, 129Xe, 131Xe, 133Cs (but no Ar)

3242
osp = G2 a,(S,) + an(Sn)]?

T
Only axial vector

describing state WIMP couplings to protons & neutrons
of nucleusas q = 0

Analysis is done attributing all the (lack of) rate to Sl or SD
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~Current Spin-Independent Parameter Space
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Energy Recoil Spectra

Inelastic Scattering: XN — X* N
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Searching for Sub-GeV WIMPs

“Migdal”-effect

LUX

Interaction strength (og;, cm?)
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Residuals (cpd/kg/keV)
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Modulation present in 2-6 keV, absent above 6 keV

on: DM claim

e DAMA claim in Nal

e Several DM experiments investigating:

COSINE-100, SABRE,ANAIS, ...

Manufacturing of Low BG crystals achieved

* Southern hemisphere

arXiv: 1805 10486
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Minimizing Backgrounds

* Critical aspect of any rare event search - minimize backgrounds!
* Purity of materials

* Copper, germanium, xenon among the cleanest with no natural
occurring long-lived isotopes

* Ancient lead, if free of 210Pb
* Shielding
* External U/Th/K backgrounds

BG free: ~t

log(sensitivity)

* Krypton and Radon mitigation

* Material handling and assaying

*Surface preparation, cosmic activation
log(exposure)

* Underground siting and active veto [exposure = mass X time]

¢ Avoid muon-induced neutrons

* Detector-based discrimination S - ﬂ

| Current state-of-the-art: <| ev/(ton - yr) jf
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Particle-dependent Response
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Detection Techniques

e DarkSide, LZ, PandaX, -
Scintillation XENON lonization

~10 eV/e
20% energy

~ 1 keV/y
few % energy

ANAIS. DAMA. CoGeNT.
DEAP-3600. DM-TPC. DRIFT
DM-Ice, KIMS, XMASS
SuperCDMS,
CRESST EDELWEISS
PICO

Phonons

|0 meV/ph
~100% energy
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2 ( Institutions
and 167 collaboration members

https://xenonexperiment.org

Y @XENONExperiment

@xenonexperiment

@xenon_experiment
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https://xenonexperiment.org

| Xe target mass

ER BG rate

2M evts/(keVxtxyr) 1800 evts/(keVxtxyr) 82 evts/(keVxtxyr)

XENON Phases @ LNGS

XENON10 XENON100 XENON1T XENONNT
2005-2007 2008-2016 2012-2019 2020-2026
14 kg 62 kg 2000 kg 5900 kg

1.8x10-48 cm?

~10-43 cm? ~10-45> cm? 4x10-47 cm?2
[20 t-yr exposure]

16 evts/(keVxtxyr)
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Laboratori Nazionali del Gran Sasso

LNGS
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Nik bt Katsushi Arisaka, UCLA 18
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Detection Principle

Liquid xenon purification Plante et al, arXiv:2205.07336
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XENONNT Time Projection Chamber

Calibration of detector
response and efficiency:

e |nternal sources: 3’Ar, 8mKr,
|29mXe’ |3|mXe’ 220Rn

e External sources: AmBe, Th

1.9 m

8.5 t of LXe total, 5.9 t in target

494 3-inch Hamamatsu
RI1410-3 PMTs

3 electrodes for drift and
extraction fields

2 additional electrodes for PMT
shielding

23



XENONTT —= XENONNT Improvements

Reused much of the XENONII T infrastructure

Larger TPC:2 t = 5.9 t LXe

Improved cleanliness and radiopurity XENON, arxiv:2112.05629

Liquid xenon purification system
Radon distillation system

Water Cherenkov neutron-veto

Plante et al, arXiv:2205.07336

Murra et al, arXiv:2205.11492

New calibration systems and techniques

Triggerless DAQ

XENON, arXiv:2212.11032

24
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Main Backgrounds

Electronic recoils (ER):
* Materials: Low energy Compton scatters

from radioactive contamination in detector
e components: U and Th chains, 40K, ¢0Co,
137Cs

* Solar neutrino scattering off electrons
@ * Intrinsic contaminants: 3 decays of 222Rn

daughters, 8Kr, 136 Xe

Nuclear Recoils (NR):

 Radiogenic neutrons: spontaneous fission and (Q, n) reaction from the U and Th
chains in detector components

 Muon-induced neutrons
« Coherent scattering of neutrinos (mostly solar) off Xe nuclei

Patrick Decowwoski — Nikhet/ A



LXe is self-shielding

Xe is a high-Z material
XENONAT
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Radon decay chains

“Bad” Radon “Good” Radon
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Murra et al, arXiv:2205.11492

BaC kg rOu nd M |t|gat|0n XENON, arXiv:2112.05629

Background from intrinsic radioactive isotopes: Careful screening, material selection and
e 214Ph (22Rn daughter) Continuous Radon Removal through distillation

This Run (SRO0)
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Background ~5x smaller than in XENONIT

XENON, PRL 120, 161805 (2022) 32



Calibration of ER / NR Response

60
cS1 [PE]

80

100

120

Calibration of ER response using 220Rn

* Gives approximately flat energy spectrum

* Used to validate cut acceptance

Detector performance at low energy with 37Ar
* Mono-energetic line at 2.8 keV

* High statistics

* Removed via distillation column (T2 = 35 d)
Calibration of NR response with AmBe

ER model based on combined fit

Uncertainties propagated via Principal Component
Analysis

33



Data Set: Science Run O

SRO

SRO Nuclear Recoil Search Data

* July 6 to Nov 10,2021 (97.1 days)

95.1 days lifetime corrected
(4.18 = 0.13) tonne Fiducial Volume
Exposure: |.] tonne-year

Blind analysis

34



Efficiency
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30

Detection efficiency:

 Threshold driven by 3-fold PMT coincidence for S|
* Full waveform simulation

 Data-driven methods from 8mKr and 37Ar

Data quality selection evaluated with calibration data
ROI defined to fully contain WIMP spectra

e ¢Sl [0 pe, 100 pe]

e ¢cS2[102! pe, 104! pe]

Total acceptance > 0% for [3 keVNR, 60 keVNR]

35



Backgrounds

* Electronic Recoil (ER): Dominated by beta decay
of 214Pb from 222Rn

e Accidental Coincidences (AC): random pairing
of small S| and S2 signals

o Surface/Wall: 219Pb plate-out on the PTFE wall of
the TPC — 210Po a-decays

* Nuclear Recoil backgrounds:
e CEVNS

e Neutrons

360



WIMP Results

Expectation

134

0.6
117573

0.23 + 0.06
4.3 +0.2
14 + 3
154

152 events In R
Best fit indicate
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Z [cm]

WIMP Results

e XY asymmetry in unblinded data

* Not observed in corrections, quality selection or calibration data

B ER B wall Neutron I AC WIMP B ER B wall Neutron H AC WIMP
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WIMP-nucleon cross-section o> cm?]

WIMP Spin-Independent Results

1 0 sensitivity 2 0 sensitivity
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WIMP Spin-Independent Results

Same conservative power-constraint applied to results of other recent LXe experiments

10743

10—44 !

10—46

PandaX-4T, PRL 127, 261802 (2021)
XENON, PRL 121, 111302 (2018)

10—47

WIMP-nucleon cross-section o°![cm?]

10—48

10 104
WIMP Mass Mpnm [GeV/c?]
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WIMP-neutron cross-section o,[cm?]

WIMP Spin-Dependent Results

Reinterpreting results as a purely spin-dependent coupling to 129Xe and 131Xe

WIMP - neutron coupling WIMP - proton coupling

1 0 sensitivity 2 0 sensitivity

1 0 sensitivity 2 0 sensitivity
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Even larger detectors

Natural xenon has 8.9% 136Xe use it to study Ov2[3 !

2.6m
| .5m
|.Om
XENONIT XENONNT DARWIN / XLZD
3.2 tons LXe 8.5 tons LXe 60 tons LXe
2015-2019 2021 - 2030-
XENON Coll, Phys. Rev. C 106, 024328 (2022); arXiv:2205.04158 DARWIN Coll, Eur. Phys. J. C 80, 808 (2020); arXiv:2003.13407
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Ultra-low BG + new techniques
allow to search for non-WIMP DM

White Paper: J. Phys. G: Nucl. Part. Phys. 50 (2023) 013001, arXiv:2203.02309

Dark Matter /\ WIMPs

Sun

* Dark photons * Spin-independent
* Axion-like particles * Spin-dependent
* Planck mass * Sub-GeV

e Inelastic

* pp neutrinos

Low-E complementarity | * >°*

metallicity

with DUNE * "Be, *B, hep

Supernova

* Early alert

* Supernova neutrinos

* Multi-messenger astrophysics

Detailled measurements
If/when galactic SN occurs

“Ultimate” WIMP DM detector

Neutrino Nature

* Neutrinoless

double beta decay COmpetltlve W|th
et 1dedicated 0v2b exp

* Magnetic Moment

Cosmic Rays

* Atmospheric

neutrinos Atmospheric Ev < 100 MeV

Large liquid xenon mass and ultra-low backgrounds
expand number of available physics channels

43



XLZD =

==

DARWIN Coll, Eur. Phys. J. C 80, 808 (2020); arXiv:2003.13407

DARWIN / XLZD

Self shielding of LXe

44
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WIMPs in DARWIN / XLZD

Explore the WIMP parameter space down to the neutrino fog

Exclusion

u —

1 1 ||||||’
- 5
==

”
-
n — -‘-{—-—"'__
—  — )

e R

Estimated neutrino fog

102 107

WIMP mass [GeV/c?]

Detection

3x 1074
\
\

2 x 10~47F\
\

—
-
|
1N
~J
I

6 X 1048}

WIMP-nucleon 5! [cm?]

4 x 10748}

\
\

\

—
®

2
®
=
O
®
L
¥
K
2

\-
\-
\
\

\ 20 GeV WIMP

', .~

100 GeV WIMP

1000 t x y

-48
3%x10 101

102
WIMP mass [GeV/c?]




Neutrinoless Double Beta Decay

Is the Neutrino a Majorana particle?

Neutrinoless Double Beta Decay (0v2[3) of 136Xe: Lepton Number Violating Process

L]
KamLAND2-Zen

(Tlo;/Q)_1 = Go,(Q, Z)| Mo, |*(mgps)® - Half life is measure of effective majorana mass



EPJC 80 (2020) 12, 1133;

Solar Neutrinos

* Neutrino-electron elastic scattering

e Real-time measurement of neutrino flux
— 7.2 events/day from pp (40 ton LXe
— 0.9 events/day from ’Be detector)

* 2% (1%) statistical precision after | year (5 years)
— constrain solar models

* Neutrino survival probability measurement :
— deviation from prediction indicates new physics

0.8f O DARWIN
i ® Borexino
Z) 0.7F A KamLAND
» A v SNO
- 'Be
> 3 0.61
% =
- T 8
‘- B
X 30: 0.5r I
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E 0.4 "
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x 0.3F T*
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Energy [keV] Neutrino Energy [MeV]
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Summary

® VWe are probing the WIMP paradigm in a relevant parameter space
® The XENONNT experiment released first WIMP results in 2023

® Data-taking is ongoing with reduced backgrounds, expect many more results,
also on other physics topics to come out

¢ XENON + LZ + DARWIN collaborations have joined forces to build the
next-generation LXe detector, | 0x more sensitive than XENONNT, LZ

® The size and exquisitely low radioactive background will make DARWVIN/
XLZD a Rare Event Observatory with world-leading sensitivities to dark
matter and neutrinoless double beta decay
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