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Beyond Standard Model
Searches

Probing the nature of dark matter, neutrinos, and fundamental symmetries.

® (Galactic sources: dark matter (WIMPs, dark

photons, axion-like particles) Liquid xenon

time projection

® Solar sources: axions, neutrinos
chambers

(underground!)

® Detector as source: neutrinoless double beta
decay

® Accelerator beam sources: muon decay (u—ey),
neutrinos



Today’s talk

Dark Matter - Weakly Interacting Massive Particle (WIMP) searches
have motivated the detector development

Liquid xenon (LXe) time projections chamber (TPCs) detection
principle

Probing dark matter beyond the standard WIMP

Experimental status and future



WHAT IS IT?

Dark Matter

Light dark matter “"WIMPs"

The Standard Model

|
1 GeV

~ 80 orders of maggitude in mass!

Figure: L. Baudis



The call of the WIMP
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® favoured by supersymmetry (Beyond Standard Model): new physics expected at these masses and
with weak-scale cross section (thermal relic - “WIMP miracle”)
® can look for elastic scattering of WIMPs off of target nuclei (quark level, mediated by Higgs or Z

boson) :

WIMP —nucleon cross section [pb]



WIMP rates and parameter space

Expected differential event rate NR-WIMP cross section vs mass
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Current limits: spin-independent WIMP
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https://pdg.lbl.gov/2021/html/authors_2021.html

Limit Scalar Cross-section at 60 GeV/c? [cm?]

Past, present, future

Spin-independent cross section upper limits at 60 GeV WIMP mass
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The XENON dark matter project

15 kg 161 kg
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TPC detection principle

*Ecxtraction
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Edrift

5 drift time

¢
i\ > Position reconstruction
S1 S2 time (fiducialization)
Primary Scintillation Ionization (Secondary Scintillation)

* Cryogenic (-100 C) gas/liquid xenon (GXe/LXe)

e z-position from drift time

¢ Xx-y position from S2 hit pattern

e particle discrimination from S2:S1 ratio Figure: XENON collaboration
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Particle discrimination
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Discriminate NR from ER events; candidates above small neutron
and instrumental backgrounds.

Search for excess above known, well-modelled ER backgrounds.

XENON Collab., PRL 121, 111302 + PRL 123, 251801
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Extending the search range

eV keV MeV GeV TeV
T
Absorption DM-electron scattering DM-Nucleus scattering
Electronic recoil Electronic recoil Nuclear recoil
Hidden sector Dark Matter and others Standard WIMP
- > < -

* °B neutrinos (~ 6 GeV)

J. Cooley, arXiv:2104.07634 (2021)

Nuclear recoil: the threshold is statistically limited by the prompt scintillation signal (S1):
* Lower the 3-fold PMT coincidence requirement to 2-fold
* Drop the S1 and use the ionisation (S2) only channel for limit setting

Electronic recoil:
® Set S2 limits assuming electronic recoils (no discrimination)
e Use S1, S2 anti-correlation and combine them (better event statistics)
® Reduce and model the ER backgrounds
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DM-nucleon: lower thresholds

XENON1TT

10-40 4 S2-only Migdal
\

S2-only NR
10-44 1 8B

S1-52 2-fold N
S1-S2 3-fold NR

DM-nucleon cross-section [cm?]

10_48 T T T T — T T T T T T T — T T T T
0.1 0.3 1 3 10 30 100 300 1000
Dark matter particle mass [GeV/c?]

Can also look for secondary emission (Migdal effect) in S2-only data.

Phys. Rev. Lett. 126 (2021) 091301



DM:- Electron Cross Section [cm?]

DM-Electron Cross Section [cm?]

DM-electron: S2-only
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Electronic recoll: energy scale
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Electronic recoil: backgrounds
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Bosonic dark matter

Thermal DM, non-relativistic: deposited energy is rest mass of particle.

axion-like particles
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dark photons
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The XENON1T excess
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XENON Collab., Phys. Rev. D 102, 2020
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Excess between (1,7) keV; number of
observed events: 285, expected from
background: (232+15) events

Solar axion favoured over
background-only at 3.4 o (however
discrepancy with stellar cooling
constraints, see e.g. 2006.12487)

Unknown origin: tritium, solar axions,
ALPs, dark photons, something else?



Bosonic dark matter
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Fitting a mono-energetic peak to the excess:
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2.3 +/- 0.2 keV
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Bosonic dark matter
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Fitting a mono-energetic peak to the excess:
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XENONNT: 8.6 t LXe
Data taking 2021
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XENONNT

i ‘ = \

Rn distillation column

| T ; £ e _ . . o § reduce 222Rn (214Pb)
PMT array (494 PMTs in TPC (5.9 t LXe, Neutron veto (120 PMTs, Currently acquiring
total, in 2 arrays) 4 t fiducial) Gd-doped water) science data!
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. _Haln/AIt S1 Main/Alt S2
St ] | [[]s2
S1+S2eventin - |
dual-phase mode | . ’
a S
g g
1 By
200 - ”:;Olns] 600 800 0 2 4 nmeGMSI 8 10 12 -80 -60 -40 -20 R [z m} 20 40 60
= §1 52 4
i
Zs ]Iliﬁ
& fi
§ E i
‘ ; 100 us N
: ' ."' i “t

1
20 60 100

Time [us]

PMT array during Waveform during current
assembly operation

23



—_
(o)

Rate [A.U.]
(=]
U

17500

15000

12500

10000

cS2[PE]

7500

5000

2500

PMTs

XENONNT

41.5 keV

O_..

0

PRI
100

A
200

P R R T A
300 400
cS1[PE]

R PR
500

Rate [A.U.]

« 485 PMTs used in data analysis

* Average quantum efficiency 34 %

y [cm]

83mKr calibration

Resolved peaks in S1-S2 space resolved

Photon detection efficiency ~ 0.17 PE/photon

(XENON1T 0.14 PE/photon)
Energy resolution at 41.5 keV ~ 7.6 % (XENON1T 8 %)

S2 resolution of 15.1 % (XENON1T 13.7 %)

Bottom

60 1

40 A

20 A

_20 4

_40 4

_60 4

(o)

| @gggggggggggg@g%g

(129

24

- 60

- 40

- 20

r—20

- —40

r—60

2.4

N
N

N
<)

Single photoelectron gain (x10°)

=
>

1.2



XENONNT

4- Preliminary
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XENONNT: WIMPs

JCAP 11 (2020) 031
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The future

» Future merger of DARWIN and LZ collaborations to
build/operate next-generation liquid xenon experiment

@ new, stronger international collaboration
@ comes after LZ and XENONNT are done ~ 2026
» Paving the way now

@ first joint and very successful DARWIN LZ meeting
April 26-27: https://indico.cern.ch/event/1028794/

® MoU signed July 6, 2021: 104 research group

DARWIN: 50 t LXe leaders from 16 countries

@ Will combine expertise and technologies

28



DARWIN R&D

» Detector, Xe target, background mitigation, photosensors, etc

» Two large-scale demonstrators (in z & in x-y) supported by ERC grants: demonstrate electron
drift over 2.6 m, operate 2.6 m @ electrodes

» Demonstrators (Xenoscope, 2.6 m tall & Pancake, 2.6 m diam TPCs) in commissioning stage

B lll|lWH\)MN\|ﬁ'”

Test e~ drift over 2.6 m (purification, high-voltage): U. Zurich Test electrodes with 2.6 m diameter: U. Freiburg
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Cross Section [cm?]
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Mapping the fog

Gradient of discovery limit, 7 = —(dInc/dIn N)~1
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discovery limit scales as N events increases

through the fog, spectral differences should be come apparent.

32 O’Hare, Phys. Rev. Lett. 127 (2021) 251802



Summary

Over two decades of WIMP searches have covered more than 6 orders of
magnitude in cross-section vs mass parameter space.

LXe TPCs, driven by standard WIMP searches, have reached exceedingly low
backgrounds, thus opening new detection channels.

A new generation of multi-ton scale detectors are now taking science data, already
with first results.

Competition gives way to collaboration in the future, and R&D for the ultimate LXe
detector is underway.

An inevitable neutrino fog is on the horizon, but patience may bring clarity.

Thank you for listening!
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