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Motivation

e Dark Matter (DM) is is the only theory that can explain
the Universe on all scales at at all times

Velocity
(km s-1)

e Very large body of evidence

o Galaxy rotation curves
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o Galaxy clustering ]
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o CMB fluctuations o
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o Gravitational lensing

e Global fit of cosmological parameters:
Q,=0.68, Q,,=0.27, Q =0.05
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Zurich*™ Most wanted
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e Five times more DM than regular matter ,
5% Maierle S s 59 Matter

e The discovery of DM will be one of
e 25% Dark Matter

the most important discoveries in 25% Dunkle Materie <
modern physics

70% Dunkle Energie < |, » 70% Dark Energy

e Unfortunately, its detection has escaped us so far

e How to catch such a specter?

Bjoérn Penning PSI Colloquium 3



2\ University of

Search Strategies
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“) University of i
- zarich™ Indirect Searches

e Indirect Searches search for DM where we know it
exists: In the Universe
e Look at places where we expect particularly large
amounts of DM, e.g: g
o Center of the Galaxy
o Galaxies which are DM
dominated
o  Objects with massive
gravity like the sun

e So far ‘no smoking gun’ but some
intriguing excesses

1.0 -3.16 GeV

e Galactic center excess in y-rays
between 0.1 and 10 GeV from Fermi-Satellite data

o  Spherically symmetric within < 10° x 10° around
the Galactic Center

o Foreground modeling very difficult, open debate
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Search Strategies
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Search Strategies
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University of

Zurich Collider Searches
CMS DETECTOR STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter : 15.0m Pixel (100x150 pm) ~16m* ~66M channels
Overall length :28.7m Microstrips (80x180 pm) ~200m? ~9.6M channels
Magnetic field  :3.8T
SUPERCONDUCTING SOLENOID
— = Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
— Silicon strips ~16m? ~137,000 channels

A FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbOWO crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels
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Zurich™

Collider Searches

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter : 15.0m Pixel (100x150 pm) ~16m* ~66M channels
Overalllength  :28.7m Microstrips (80x180 um) ~200m* ~9.6M channels
Magnetic field :38T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHORIS
Silicon strig] i)
5
-4

FOR’ /
Steel + §

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)

Brass + Plastic scintillator ~7,000 channels
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i) Zurich™ Collider Searches

e If all evidence of DM is gravitational,
why should we look for it at collider
(particularly hadron)?

o Well motivated,"WIMP
paradigm’ predicts particles
approximate EW scale

o Complementarity: Collider
have different strengths and
uncertainties

e But

o DM has to be kinematically
accessible: ~1-1000 GeV

o We haven’t seen it yet
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Search Strategies

Satellite
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Search Strategies

Satellite
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44 University of Direct Detection

"E" . UZH
<@gy Zurich

e Detect DM as our solar system passes through the galactic
halo

o v~103c

o Kinetic energy ~ 100 keV

e Detected by recoils off ultra-sensitive detectors deep
underground

e Roughly 1 interaction per kg per year

dR Po oo dow N
= Er)d
e | os ) Zg o, Er v

e \Very stringent cleanliness and background rejection
requirements

e Variety of detection methods
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Recoil

e Momentum transfer
crucial

e Low mass difficult

e LXe dual-phase
TPCs demonstrated
best sensitivity

nucleus DM

O
A &
o (47 > + @y

recoil

Ilght DM @ 4-° 4.@)
(< GeV) small
recoil

Bjoérn Penning

PSI Colloquium 14



Dual Phase TPC

University of
Zurich™

e Dual phase TPC, two signals
o Prompt scintillation light (S1)
o Prop. charge signal amplified in gas (S2) S8 :
T, e«

e Depth (z) from time difference between S1/S2 and light
pattern provides (X, y) position

e Allows to define a fiducial volume

Particle/

e L Xe is dense and shelf-shielding

52 phe 4540 phe

100

” S2

& s 4540 phe

O 501 1

% 52 phe At

& op & , ; : :
0 50 100 150 200

Time [us]

Background rate
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N

Signal Discrimination

Signal (WIMPs)

recoiling nucleus 4

v/c=7x 104
Er =~ 10 keV

Background (y, B)

gamma

electron
v/c = 0.3

gamma

e |onization/excitation (charge/light) depends on dE/dx
e Signal ratio allows to discriminate particles
o Electron scatter tend to produce more charge
o Neutron scatter create more light

e Excellent discrimination of signal and most backgrounds: 99.5%
discrimination before statistical methods

| t + t + 13 + Pt t t + + + —

I
o e
w O w

log,,(52/51)-ER Mean

1
4
(@)

o
=
o
e :
o
a1l
(=

20 30
S1 detected photons
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LUX-Zepl

in

e 10t LXe target mass

e Surrounded
hermetically by veto
detectors

e Operating since
Christmas 2021

230t DI wateg
shield

10t LXe TPC

7t active

Bjoérn Penning

PSI Colloquium

17



University of The Outer Detector

rich

The Outer Detector encloses
hermetically the TPC

Using Gadolinium based liquid
scintillator (Gd-LS)

OD views Gd-LS using 120 | internal
8”-PMTs, surrounded by reflector ‘ neutton
system and mechanical support ‘

in aggressive environment

Capturing neutron created
7.9 MeV cascades of about 3-4y

About doubles the fiducial
volume

-~ 0

characteristic‘
Yy showe
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. g:r'i‘éiruf"'tyc’f Background Mitigation

LZ is located at SURF 1
mile deep

Historic (and future) place

Permanent presence at
SURF

Bjérn Penning PSI Colloquium



University of Background Mitigation
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University of Background Mitigation
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e Need also to avoid all type of internal contaminants

1 o Use purest materials obtainable, screen all materials
o Build everything in clean room, reduce dust on
» surfaces to O(ng/cm?)
@ o Keep circulating and purifying target material:

aim Xenon contaminants to O(0.015 ppt)
1 Banana = 15 Bq

e Bananas are actually somewhat radioactive
due to potassium

o 15Bqg/Banana

e Our target activity in the Xe: 2 uBqg/kg -
1/750,000 Bananas

e Cleaning, cleaning, cleaning, cleaning!
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Zurich™ Construction
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Underground Transport

£
=
5
(on
)
o)
o
%)
o

Bjoérn Penning



University of
Zurich*™ Outer Detector
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Uni ity of
Z:rli:?\r”f”l Yo Outer Detector

Those tanks look familiar...

Bjoérn Penning PSI Colloquium
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Zurich™ Data Taking!

Let’s look at some Datal!

Bjérn Penning PSI Colloquium 26
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SR

e Cartoon waveform:

Slk

52

Incoming
Particle

An Event in the TPC

—
Outgoing
Particle

Bjoérn Penning

PSI Colloquium




University of .
Zurich™ An Event in the TPC

e Cartoon waveform:

S1 k 52

—
Outgoing
Particle

e Actual waveform:

Incoming
Particle

S1 ,:
B

0-951 ps
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Zurich™ Calibrations

SR

4-50_""""""I""I""I"I"I""I""

i 9 60 key, L34 key,

e Backgrounds i 45](651«?\/%. B e o “’e e iy B
predominantly ERs, 4°25: s’ $ it ;, Sed N U AL
WIMPs produce NRs i RPN o ooyt o) ¢

400 o R R

e ER band: Tritiated = - AR D TV R, Tl g
methane (CH3T) injection, g, 3 75[ P AT J
spatially homogeneous B & | Pt S y

wn . i L G TR i
Souree 5 3.50 * i3 Aot S " 99.9% discrimination ’

e NR band: DD neutron g f of beta backgrounds
generator (NR band), 3.25 ”“dd?r NR band =
Monoenergetic 2.45 MeV E ReGan 1
neutrons 3.00 1

2.9 keVe, 5.1 keVee 7.4 keV e i
15 keV 25 keV 35 keV, ]

2.75 | Lo v b v by f R R R R |]f I |
0 10 20 30 40 50 60 70 80

Slc [phd]
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Rn Backgrounds

-]-Data =Model

105;— "'Kri'is “:Pb212  -'Pb214 SolarER‘ Xc;25 10° Rn-222 Po-218 E
. _ ] Xel27  Xel29m Xel3lm -+Xel33 -+Xel36 i
Astatine ;d 10 10° ?1) - Po-214 .
Polonium g 103; . e
N ] 2
. ey N 5 102 £ Po-216 -
Bismuth g 102 € 8 E
Lead 2 10 ! : |
Eo °l £ |
Thallium 1 H
1 g M
Mereury s~ Sl S 0000 A0 50000 . 60000 70000 80000
100 150 200 250 300 350 400 450 500
Reconstructed Energy [keVee] Corrected-S1 Area [phd]
e ‘Naked’ 2"*Pb B-decays (no-y ) from Rn emanated in Xe are the main ER
background
e Constrain B-decay rate by bracketing with Rn-chain a-tagging & spectral fit
of all internal BGs
e 222Rn activity within assay expectation
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Zurich™ Veto

TpcHighGain & iR P a

8.0e-1 -
Run 7452, Event 75700
6.0e-1 ® S1 @ S2 @ SE MPE SPE @ Other

4.0e-1 4

2.0e-1

YN |

T T T
-200.00 0.00 200.00

amplitude [phd/ns]

time [us]
skin & P
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n
2
2 % 3£ 2 2 2 2
s L & & & & &
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T T T
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2.5e-1 3

2.0e-1
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1.0e-1 3
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s PRI Bh%mh&mm

-5.0e-2 4
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-200.00 0.00 200.00

time [us]

e We actually observed more NR background than expected, successfully vetoed by the OD
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University of .
Zurich*™ Event Selections

e Event selections: Single Scatter Multiscatter
0 S1/82 Shape and topology Selectlon 1 S1 before 1 S2: 1 S1 before 1 S2, with S1s after the S2:
o  Veto detector, anti-coincidence A ﬂ A ﬂ AN
o Fiducial Volume, ROI, single scatter ‘
cuts 1 S1 before 1 S2, with S2s before the S1 (?):

—— Trigger

+ S1 threshold
—— +SS & data analysis cuts
—— +ROI

e Selection criteria developed on non-WIMP ROI
background & calibration data

e Rejection of live time with detector instabilities,
high TPC pulse rates

Efficiency

50% efficiency: E
ol | SV e Key numbers:
1 i L. i — H
o 5 . . 5 . o 60 live days
e IR S BRI EE SR BTSN SR T AN S S S B A A S A B A A
0 10 20 30 40 50 60 70 o 5.5T of fiducial volume
Recoil Energy [keV ;]
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Result

4_50 T 1 T ¥ I T T 1 T I 1 I T T I T 1 T T | T T 1 T I 1 I T T I T T T T | T T T i
I 9.8 ke 60 ke, 1 3.4 kev, " -
I~ 45 l\'(‘\v' g .o S e * A
425 __ nr 3 : . s' ...::"._f
I * .. : & .. .o. :..'.: . * e ::.. 2
e Region-of-interest: i Rull BG, pore e SCRAE
4.00~ IS EIGEIPIREE 0 0 T S -
o 3phd<S1c<80phd,S1 T | T — :
coincidence 23 375 (e A A = e ;
o [ = et NR band :
o S2>600 phd (6e), & AT '
S2¢ < 10° phd S350 1 APt 3
P oD i ?’ 30 GeV/c? :
e 335 events in final dataset ~ 325k 7 WIMP R
e\ 7 ) i
H + ! ) \
e 060 live days, 5.5+ 0.2 tonne FV E b/ /5B CEWNS '
3.00F ,'/ / 0.9keV,, 2.9 keV. 5.1 keV. 7.4 keV, e
i ‘/, 5keV; 15 keV 25 keV,, 35 keV;; i
2 75 {1 ST - | I N l I I | I | | | [ S | l I | | G SO | | L1 1 ]
0 10 20 30 40 50 60 70 80
Slc [phd]
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©, ]
— i
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= ]
W i

Z
= 0F
. First results I

_48 1 I 1 1 L 1 1 11 1 l 1 1 1 1 1 Ll.1 I | 1 1 1 1 11 1
10
10" 10° 10° 10
WIMP Mass [GeV/c?]
e | Z presently world strongest result
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University of
Zurich™ Results

10_44 : 10_42 T L} 2 B B I I T T T ) BN ER I B | I T T T R [ B B B | I 4?
i LZ sensitivity (1000 live days) — LUX (2017) =
E — 10_43 Projected limit (90% CL one-sided) ____ XENONIT (2017) _;I
1 g +10 expected PandaX-Il (2017) 3
& 45 A +20 expected .
5 10 1 510+
2, 1 8 E Best sensitivity for 40 GeV/c? E
7 1 8 E WIMP mass at 1.4 x 10-46 cm? =
2 1 2 10% =
= = =
§ 107 E g - pMSSM1L 3
é E % 10—46 E (MasterCode, 2017) —
0 . 2 E =
= , ] 7 = ]
= A S 108
= 10 ¢ o ERES E =
C ] 7 10748 = =
- First results - = :
10_48 | 1 1 Lol | 1 A | L ! T T N | 10-49 L Ill() 1 L i iéo 1000
10’ 107 10’ 10"

WIMP GeV/c®
WIMP Mass [GeV/c?] mass [GeV/c’]

e | Z presently world strongest result

e Only 60 days out of a 1000 days exposure published, considering extension to 2028
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niversity of ’
Zurich™ What’s Next?

Dark Matter

o Dark-photons _
» Axion-like particles
o Planck mass  ~

WIMPs

* Spin-independent
* Spin-dependent
o Sub-GeV .~

Sun

* Solar pp neutrinos

Big Bang

* Neutrinoless double

+ Solar Boron-8 beta decay
neutrinos * e Double electron
capture
Supernova Cosmic Rays
* Supernova * Atmospheric

neutrinog neutrinos
_* Matti- e Comics Muons
messenger =

e Modern LXe detectors are observatories for.a
wide range of physics processes

Bjérn Penning PSI FCLJOIIo‘quiumi




;J:rllvc?‘ruﬂty of The Future

e MOU between LZ, XENON, DARWIN Leading Xenon Researchers unite
to build next-generation Dark
Matter Detector

A Next-Generation Liquid Xenon Observatory for Dark Matter and Neutrino Physics

e Had first meetings in Germany and LA

o https://xlzd.ora/
o White paper (2203.02309)

J. Aalbers,»2 K. Abe,»* V. Aerne, F. Agostini,® S. Ahmed Maouloud,” D.S. Akerib,"? D.Yu. Akimov,® J gesshat.’
AK. Al Musalhi,'* F. Alder,! S.K. Alsum,'? L. Althueser,'® C.S. Amarasinghe,'* F.D. Amaro,?
T.J. Anderson,2 B. Andrieu,” N. Angelides,'® E. Angelino,'” J. Angevaare,'® V.C. Antochi,’® D
B. Antunovic,2:22 E. Aprile,?® H.M. Aratjo,'6 J.E. Armstrong,?* F. Arneodo,”® M. Arflesess

it s I A IR : i s AN = - =3 -
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University of
Zurich™

Low Mass DM

Dark Matter — Nucleon Cross Section [cm?]

10730 gy T |
AR
L Z\ M
10-31f \ ok g
= —_ SN oé»
- b X
10—32:r \ *6}1, 2 \\ .
5 VY%, &\\\
10‘33; N i SR
3 \ B S ‘(~\
: ~ ey
: -~
10~*§ \
E N
F N
10—355
10-36]
10-37' .
F Low mass constraints
L much weaker
10-38=—
10—39 | o s

L . sl
10 102
DM mass [MeV]

We want to go lower & deeper!

Bjoérn Penning
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University of
Zurich™ Low Mass DM

SR

-30
10 E | ?5']3 \\\ |
[ Z N
-31 | Qt \\\ 2
ol \\ 2 %
__32 " - ‘ \\ \\\ ‘ »
10 E_ *A/‘/ k \\ ~
: N9, O
10-33L LS T
N < %
L \’!\
-l N
R = O'nDMNexp — d Nexp 107 = \ &
- \\\

-350
Exposure: Rate scales inversely 10

with dark matter mass 10_3(,;_

=5 .
10 Low mass constraints

much weaker

Dark Matter — Nucleon Cross Section [cm?]

10—385—

—39:....| ; S EOAR R 8 | : -
e 10 102 103

DM mass [MeV]

e Compare ton scale LXe with gram scale low mass DM experiments
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University of
Zurich*™ Low Mass DM
10—30§ AT | 4 25']"' \\' |
] [ Zh \\\
-31 olt . .
= [ \ RN
8 10_32 :F \ *ﬁ}l/ i \\\ ~ ‘;'
3 3 N, \ 8
- (7] ~
= 1075k . o
w - \\‘ \\ ))
e [ lighter tar ets\ N W&
G 10—34 5 g 9
= 3 N
S [  lower thresholds AN
< W2
= 3
Z. C
| 10_365
bt C
Q i
= 107%¢ :
§ = Low mass constraints ]
> [ much weaker YV,
= 10—38 3 \
A ; Vmore exposure ~
10—39....| AR LORRRa | . o it et B

10 I 102 103
DM mass [MeV]

e Lower mass searches require light targets and very low energy thresholds
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University of

Low Mass DM

Facing new landscape

Nuclear backgrounds: Exists but less significant due to
small ROI

o y down-scatter to low E, can also induce NR via
Thomas-Delbruck

o Epithermal neutrons
Novel backgrounds:
o Sensors sensitive to smallest energies

o IR backgrounds, parasitic power, phonons,
vibrations, transition radiation etc

New calibrations necessary

We know some of the challenges we’re facing, but some
cliffs are probably still hidden in the fog

Bjérn Penning PSI Colloquium
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Low Energy
Excess

o
-
W
X

Event Rate (Counts / kg / day / keV)

[
S

—

g

N

==

Total energy deposition (keV)

Primary characteristic energy Scale: eV?

Probably more than one origin

Low energy excess, observed in many experiments: SuperCDMS, Edelweiss, Nucleus, DAMIC, SENSEI etc

Bjoérn Penning PSI Colloquium

Low Energy Excess

CRESST-III DetA
EDELWEISS RED20
MINER Sapphire
NUCLEUS g prototype
SuperCDMS CPD
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University of

Design Driver

e \What we need:

©)

©)

©)

Low energy threshold
Scalable
Minimize backgrounds

Ability to discriminate and
understand remaining and
novel backgrounds

Bjoérn Penning
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Overview

e Tesseract: Use different targets that probe different DM
models and affected by different backgrounds

e Energy sensitivity is primary driver for low mass DM —
need detectors with thresholds of 1-100 meV

e All targets read out using Transition Edge Sensor (TES)
readouts, no E-field (no dark-currents)

. Athermal Phonon Collection Fins (Al)

. TES and Fin-Overlap Regions (W)

) [= = = =\
H
/ «
T
/ .“phonon/
/ “-._roton
% f -
. phonon " photon/
L excimer
Al203 GaAs .- LHe
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University of Athermal Phonon Detectors

Collect and concentrate athermal phonon energy
into Al fins

o Phonons break Al cooper pairs

o Quasiparticles are absorbed by W TES
connected to Al fin

R

e Large collection area without the drawback of the heat Ry=10Q7
capacity of a large sensor
o Signal is degraded by low phonon collection efficiency :

e Readout of all targets identical except the substrate

e More DM science doesn’t increase cost significantly!

Bjérn Penning PSI Colloquium 45



University of
Zurich™ Detectors

N

- - ————

[ = 5 - e
- T
¥ § s
] ‘ B g
2w e : ‘
i e = - G N-*
P <l P& o

e  Sapphire (Al,O,): Many optical e GaAs: polar crystal, band gap e  Superfluid helium provides
phonon modes that are kinematically matched well to low mass region. low mass NR sensitivity and
well-matched to low-mass DM, high Reduce backgrounds via photons and multiple signal channels
dark photon sensitivity phonons ratio/coincide

e All sensors operating in demonstrator setups and are delivering physics
e Novel & challenging backgrounds due to femto and attoWatts sensitivity in TES

e Advantage of Tesseract: Ability to discriminate and characterize these backgrounds

Bjérn Penning PSI Colloquium 46



Complementarity of Sensors

ERDM ERDM Background
(>1 MeV) | (keV -MeV) rejection

Al203/Si02
GaAs

Superfluid helium _
e Targets relatively cheap, hence we consider several

e AL, sensitivity across the board. One type of signal (phonon), multiple readouts to reduce
instrumental background

e GaAs and superfluid helium: Advantages in background rejection: multiple signal channels and
multipixel coincidence-based instrumental background rejection

Bjérn Penning PSI Colloquium 47



gﬂ:}ﬁ,’fjt""f Recent Progress - He Measurements
Y

e Measurement of “He light yield of ER and NR and HeRALD
proof of concept

o arXiv:2108.02176, arXiv:2307.11877

e Good agreement with an empirical model

e High NR light yield, measurement of quantum evaporation
gain

e Offers ER/INR discrimination via photon/roton ratio

0.6 L i . 1 1
0.5 1
0.4 1
0.3 1

0.2 1

0.1 1

Baseline-Subtracted TES Trace [uA]

0.0

-0.50 -0.25 0.00 0.25 0,50 0.75 100 125 150 175
Time Since Trigger [ms]
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https://arxiv.org/abs/2108.02176
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University of
Zurich™

Recent Process - Stress

e Two identical detectors (as possible)
o One glued
o One suspended from wire bonds

e TES based readout measures athermal phonon
pulses in substrate

e Successful mitigation of mounting stress

o Two orders of magnitude difference in rate

A Fins Cooper Pairs Quasiparticles

Athermal
Phonons

Si Crystal
g }i‘f Microfractures Glue

— stress is major source of LEE | = torstes |
3-38 eV Bin
. . 38-85 eV Bin |]
e Investigating other sources: stress from sensor s fh, g5 4V el
films, crystal and IR leakage Sl Y i
e See arXiv:2208.02790 o wa
10—4 i ] ke -
107 =y 20 40 60 80 100 120 140
Energy absorbed in TES (eV)
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g:riiﬁrgjtyof Low E-NR calibrations

N

14 24 keV 100 e SbBe photoneutron + Fe shield
e Fe transparent to neutron, serves as collimator and

10 very efficient gamma shield

o 124SbBe neutron energy: 23.47 keV

o Fe n-transmission resonance: 24.54 keV

Neutron flux [arbitrary unit]

e See arXiv:2302.03869®

1243b-°Be photoneutron o
1 10 100
Neutron energy [keV]

Neutron interaction crossection with natural Fe [bz

neutron
.

e Scattering of neutron of known energy, tag its
scattering angle

e |Large arge keV Neutron backing detector for low
energy NR calibrations

WLS Fibers(16)

e See arXiv:2203.04896
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University of .
Zurich™ Setting

i
&R

e Developed a low background shield (1.2 DRU@1 keV) that
can be opened to swap detectors quickly

o  Building prototype right now at Kamioka

e Experiment will be hosted in Modane, established the site and
close collaboration with France last year |

1868.4

178.4 (PE INNER
TOP&BOTTOM)

152.4(PE OUTER)

152.4 (PE OUTER) 273:3 (Png”;gER
50.8(STEEL) )

L 208.5 (LEAD)
1840.2
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University of

Zurich™ Sensitivity
1 0-25 T T r— T T T 1 0-28 T i
Nuclear Recoil i Electron Recoil '
. - e . -
(Ilght medlatOl') \ 100 g_\ existing 10.30 7(llght medlator) I existing
\ 18eV | exclusions | exclusions
10730 - N " | 1 55 !
gy - B -
0376V | l 10 |
| i
| | 34 :
= g2 | | 1 — i 1
% | e |
S, - 5, 1020 | .
c \ [} \
S = | b :
10 40 . \ . 38 : GaAs
\ \AIzOs 10 3 1 kg-y
A~ e, o= 2\ '\ 2-photon
10 kg-y RO 100 g-y 100 g-y
1meV  LHe™. Tt 0.35eV 35eV -40 & N |
45 TOKG-Y e e 10 Xty . s
10 1 meV 7 2U3 3 1 kg-y
) 10 kg-y 1-photon
-42 w1 meV Ll |
10 s 6ty
neutrino-dominated 1-photon
'50 1 1 1 1
1 0 -44 1 1 1 1
2 -1 0 1 2 3 10
10 10 10 10 10 10 1072 1071 10° 10! 102 103

Dark Matter Mass [MeV]

Tesseract will probe multiple unexplored DM parameter spaces in a few years

Dark Matter Mass [MeV]

UZH will leads construction, operation and physics of Tesseract

Data taking as early as 2026
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\ University of Summary

[
e DM is out there and will transform our understanding of the 4 3(/
universe p {
e LZhas 60 out of 1000 days of data published, many publications ?) i f
E

and potential discoveries soon

e Tesseract demonstrated to work, funded and growing, first
physics results already published

e The field is being transformed right now:
o Xenon TPCs are the most sensitive detector today

o Tesseract will within a few years push sensitivities to yet
entirely unprobed energies

o XLZD preparing to explore to the neutrino fog

e These experiments will provide the best sensitivity for dark
matter for years to come

e Continuous interplay between hardware and physics provides
great training & opportunities
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Backup
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University of
Zurich™

Low Mass Dark Matter

. WIS ] near-term
SCAliENing longer-term
Electromagnetic
scattering
Absorption
< - A
meV eV KeV MeV GeY TeV
Light Mediator Heavy Mediator
10-25
10 Stellar = 1020 Near- —
- 10 Bounds Halo DM g 10 collider+cosmor+astro 'é
£ Direct-Detection S, un 8, Cosmic-Ray
"% Bounds .E . AE 10-30 DM Bounds
5] 5 10 5 _ HaloDM
O qp12 3 2 Direct-Detection
2 2 Halo DM a
= S . 30 Cosmic-Ray & Direct-Detection 8 -35
E Far-term S 10 Solar-Reflected Boun S 10
= DM Bounds =l
g 1o 2 g
g 2 10 2 1040
g 5 z "
£ 2 g
£ 107° S qo% S
[a] —,_; o 10
A &
18 107
10° 2
meV vV 100 eV keV MeV GeV 10 keV MoV Gev TeV

¢
DM mass

e Sub-Gev (low mass) DM barely explored

DM mass DM mass

e DM masses in the MeV regime and cross sections approaching or below 104° cm? in reach
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University of
Zurich™

Results Fit

® Clean B
® Auger & EC

Neutrino ER
® Neutrino NR x 10
© Accidentials

— Solar v ER — 12TXe I Sys. rate unc.
— 136xe — [3 Decays & Det. ER Sys. & stat. rate unc.
— STAr — Accidentals e Data
— 12Xe =— Total background
DY il R Mal Cisal Ltk RASAN s et B L L2 Ak Rt Lok Rasa LRSS Rack
10" E

Events / keV .,

Liiy il NI FETRE SRR N WY S e N i |||M|Hl|||l||1|||||lvl'

2 3 4 5 6 7 8 9 1011 12 13 14 15 16
Reconstructed Energy [keV ]

e Electron energy equiv. distribution, systematics are blue band

e Best fit with no WIMP signal
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University of .
Zurich™ Results Fit

102_' T T T T T T T T [T G[TERT] T T T T T ]
0k
Source Expected Events Best Fit e b
B decays + Det. ER 218 + 36 222 + 16 >
v ER 27.3 + 1.6 273+ 1.6 5
127%e 9.2 + 0.8 9.3 + 0.8 =
129%e 5.0 + 1.4 52+ 1.4 E
135%e 15.2 + 2.4 15.3 + 2.4
8B CEvNS 0.15 £+ 0.01 0.15 £+ 0.01
Accidentals 1.2:40.3 1.2 + 0.3 j | T i
Subtotal 276 £+ 36 281 + 16 0 1 273 4 5 67 8 9101 121314151617
3TAr [0, 291] 52,1f2:g Reconstructed Energy [keV..]
Detector neutrons 0.0+9:2 0.0+%:2 o= g " "_'B‘De'cay'séﬁet.'m'{‘ R
30 GeV/c2 WIMP - 0.0_‘_0'6 102__— 1S;:zlarl/ER — Accidentals 5 =
E— 16y — Total background E
Total - 333 £17 F war W oSy v
L 124xe Sys. & stat. rate unc.
g ]01__— 127Xe e Data i
-
g r
= 0
@ 100:— E
=] E B
O =
- [
- - =1
Best fit with zero WIMP ==
events i =
10-...t|...v...‘J\..l...lvv
for all masses o8 6 4 20 2

(LogS2c - ppr) / oER
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University of
) Zurich

e Total expected ER counts in ROl in first run: .
Dissolved e-captures

276 + [0, 291] from 3"Ar !
(mono-energetic x-ray/Auger
e Total expected NR counts in ROl in first run: 0.15 cascades):
o 3Ar
o '27Xe
Dissolved B-emitters e '2%Xe (double e-capture)

° 214Pb (222Rn

daughter) ER
o 212pp (?Rn backgrounds _
daughter) Dominated by Solar neutrinos (ER)
o Kr 214Pp and "Ar

o ¥Xe (2vBp)

NR backgrounds:
Includes y-emitters in e Neutron emiss_ior? from
detector materials spontaneous fission and («,n)
o 233y chain, 232Tnh Flat-spectrum (in e 8B solar neutrinos
chain, 4°K, %°Co ROI) ERs
Accidental coincidence
backgrounds
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Zurich™
TPC
PMT arrays arrive Complete,

Dec 2018, Jan 2019 Aug 2019

RSS 2020
s

= Xe Fill
= s t= T 5 Kr Removal Aug-Sep Science
_ Jan-Aug 2021 2021

CD3 and TDR,
March 2017

Underground, Running!

Oct 2019

2017 2019 2021 2022
Sealed Up .
March 2020 OD Construction
Cryostat = e Winter 2020-2021 L
arrives ' - ¥ Commissioning
May 2018 FFR ri&s oD Finl  Fall 2021
Assembly . June
Spring 2019
Dec 2018 2021
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e |t took a few hundred years

e With the discovery of the Higgs boson the
Standard Model has been completed

e However, this is just the tip of the iceberg

Atoms
5% Dark
Energy Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Dark 68% Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Matter
27%
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Rotation Curves

S
o

B, Mercury

=
o

,Venus
QEarth

@Mars

- '“‘Ceres
\_Jupiter

_ Saturn

__ Uranus Neptune
©—@ ___ Pluto ___ Eris

N W
o o

orbital speed (km/sec)
=

10 20 30 40 50 60
mean distance from Sun (AU)
e \We know exactly the speeds of orbiting objects, such as planets around the

sun

...or stars around the galactic center
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University of

Zurich™ Low NR E calibrations
~24keV -
, * 5 SbBe photoneutron + Fe shield
14 100 & Remarkable coincidence:
©
- ( E o 1?4SbBe neutron energy: 23.47 keV
g c - =
> - o Fe n-transmission resonance: 24.54 keV
©
5 F10 < e Fe transparent to neutron, serves as collimator and
5, © . . .
x 0.5- @ very efficient gamma shield
= o
= 5
2 g
g Il Borated PE
,12*Sb-"Be photoneutron o -
1 10 100 3 -
Neutron energy [keV] -
I stainless steel
. Il re
Source built & works e
Favorable n flux: ~5 cm2s™ —_

e Portable, ideal for CEvNS and light DM
experiments
e See arXiv:2302.03869

10cm
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https://arxiv.org/abs/2302.03869

University of Recent Progress - Calibrations

[hgte]
F . UZH
<@gy Zurich

®
e Developed a low energy neutron source

o Scattering of neutron of known energy, P ‘ n
tag its scattering angle N

e Large arge keV Neutron backing detector
for low energy NR calibrations

e SLi + Scintillator + Reflector + WS fiber +
SiPM

o Eff: 25% eff. & affordable
o See arXiv:2203.04896
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https://arxiv.org/abs/2203.04896

g:r'iﬁruf"'tymc Absorption Gain

Amplification of evaporation signal via Van
der Waals acceleration

‘He vacuum calorimeter
phonon atom =
..... _"\N\?_'_'_'_'_")"'—"‘ g
sl / A~0.62meV -

potential well:
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i
&g

Fiducial Volume & OD

e Inner 5.5 tonne fiducial volume
(FV) is lowest background and
uniform

e Skin and OD vetoes:
o Removes y background

o Tag neutron capture
(main DM background)

e Provides in situ constraint on
neutron BG:

o 0*%2 neutron events in SR1

-0
140 |
;_ i
120: 1900
100? 1 g
— 5 400
80 g
g vl 2
N ¢ =
oor 600 ‘E
P
L A
40~
20:r 800
O C b
L1 1 I L1 11 | | I I | I | I T T I | I | I T N Y I | I | T T | | | I N T T I I | 1000

0 202 30% 40 502 602 702
Reconstructed 72 [cm?]
® Eventssurviving all selections
X Skin-prompt-tagged events
O OD-prompt-tagged events

Bjoérn Penning

PSI Colloquium 66



