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The range of DM masses being studied by the community
spans many orders of magnitude

Dark Matter Mass
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The range of DM masses being studied by the community
spans many orders of magnitude

Dark Matter Mass TeVPA!
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The range of DM masses being studied by the community
spans many orders of magnitude
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“Direct Detection” of Dark Matter

Fill a detector with your favorite material and wait for WIMPs to scatter off it

A. Monte

Non-relativistic elastic

scattering

MppmMy

= mpy + my

122

my

(1 — cosB)

Erec =

mpy = 100 GeVic?

my =131 GeV/c?
v =220 km/s
E..=3keV

Naturally sensitive to >GeV particles by kinematics and technology

Great for WIMP hunting at the TeV scale




Direct Detection of Dark Matter

Very rare process
Current best limits <1047 cm?2
Path length in lead of >10
million light years

Luckily, there are lots of particles
flying around (in theory)
Can look for a few counts in a
detector per year

Backgrounds, backgrounds,
backgrounds
1012 per tonne/year on surface

Ne

0.0

R(cts/tonnel/yr) for 1047 cm?, |00 GeV

Xe

Ar

Si

0

10

20
[nergy Threshold [keV]

30

4()

* Goal: Maximize sensitivity to DM while minimizing backgrounds
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® Eventually limited by neutrinos
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What are we looking for? (Spin Independent)
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What are we looking for? (Spin Dependent)
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Direct Detection at ~1 TeV

More sensitivity -> scale up target...
- Now into multi-tonne scales
...while reducing backgrounds

- Radiopurity

» Self shielding (size helps!)

» Discrimination (nuclear recoils vs. electron recoils)
Low thresholds important but not quite as vital

Explore as many interactions as possible (e.g. SD/SI/EFT)

Electron
Recoil

Nuclear

Recoil
10 Background rate




Direct Detection at ~TeV scale

» Liquid Noble Detectors
» Liquid Xenon (LZ, XENONNT, PandaX-4T)
- Liquid Argon (DEAP, DarkSide, Argo)

- Bubble Chambers
- PICO

» Things they share
» Liquids - scalable (get a bigger bucket)
» Excellent 3D position reconstruction

* Surfaces are the enemy
- ER/NR discrimination

11



PICO Bubble Chambers

Fixed P, T

Pressure—

Gibbs potential—

vapour
u (P.T)

Density— Temperature—

107, . . "
PICO-0.1 UdeM Sh-124
PICO-0.1 UdeM Am-241 |
PICO-0.1 UdeM Co-60
PICO-0.1 UdeM Cs-137
PICO-0.1 FNAL Cs-137
PICO-0.1 MINOS Cs-137 |
PICO-2L Run 2 Ba-133
Gunter (UofC) Ba-133 |
Gunter (UofC) Sb-124
Drexel Cs-137

Thermodynamics set sensitivity
Need heat (energy) and density to
make bubbles
ER do not cross density threshold
Acoustics provide further rejection
Fluorine target with ~3 keV threshold
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10 % |
10|

104

Probability per energy deposited [events/keV]

101 ‘
0.5 0.9 1 1.1 1.2 1.3 14 1.6
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Family of chambers with increasing
size

PICO-60 - world’s most sensitive
SD proton result
PICO-40L - commissioning now
PICO-500 in design
Several new results on various EFT
Interactions
See G. Giroux today at 4:10
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SD WIMP-proton cross section [cn)
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10"
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en Genealogy

of IThe Noble larget Field
LAYr

DEAP-3600
B

| %2
a3 \(.‘

PandaXx-4t DarkSide-zok?{h s

4.0t 30t -

(followed by DARWIN 50-100t) thanks to M. Schumann (Freiburg)



Liquid Noble TPCs

S1-S2 relative

size gives
S2 light eventtype
pattern discrimination
gives Xy
position Time
(~few mm resolution)
S2
Dr!ft time Drift time
gives zZ indicates depth
position . ‘
(~0.5 mm resolution) . 81
Outgoing S
Particle

Incoming
Particle

Cathode




LAr Detectors

LAr TPC (DarkSide) or single phase (DEAP)

Exquisite pulse shape discrimination (PSD) ER from NR
using just light

DarkSide-50

150 kg underground argon (UAr) to mitigate 3°Ar
Recent low mass results at IDM from M. Kimura

DEAP-3600 - See S. Viel, today at 2:20

Events / [50 PE X kg x s8]

World leading results on very high mass dark matter
Demonstration of PSD

Background from neck events, upgrade to complete in 2022
Data to resume in 2023, recover design senstivity by 2025

Glove box

Central support assembly
(Deck elevation)

Steel shell neck
(Outer neck)

Inner neck (green)
Vacuum jacketed neck (orange)

Neck

veto Cooling coil

Acrylic flow guides

> 48 Muon
2 / veto PMTs

Gaseous
argon

LD 255 PMTs
x> - & light guides

o

Acrylic vessel
& TPB layer

Steel shell
3279 kg
liquid argon
Filler blocks

Foam blocks behind
PMTs and filler blocks

10_1 RAr nata =t 200 v/em ‘5- 106 ! ) " ) Arsvg_‘oarta P‘E’; o
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10 2 UAr Data at 200 v/em § 105 ' PSD mom"b R
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https://indico.cern.ch/event/922783/contributions/4892734/attachments/2482061/4262597/idm22_masatokimura.pdf

LAr Detectors

Planned DarkSide-20k detector at LNGS

- 20 tonnes underground argon fiducial, ~700t total Ar

Significant R&D into cryogenics, SiPMs, neutron veto systems

Installation of cryostat now begun in Hall C

See talks from M. B. Walczak and Thomas Thorpe, today at 2:40
AAr crypgenic ,

itk o Feedthroughs DAQ UAr Test cryostat /
e LR Calibration cryogenics  UAr liquid recovery
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TPC assembly TPC staged in

UAr gas storage AAr cryostat Veto panels TPC Faraday cage fixture clean room



PandaX-4T
L Xe-TPC, 3.7 tonnes active

Located in China’s CJPL

Commissioning run from November

2020 to April 2021

World best limits last summer

~20 ER cts/keV/tonne/yr

- Residual contamination from tritium
being addressed by purification
campaign
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XENONNT

| Xe TPC, 5.9 active tonnes
_ocated at Gran Sasso in ltaly
_iquid purification

Radon distillation working well
Cathode voltage well below design
Gd-loaded water neutron veto
Science data from July-November
2021
First results at IDM two weeks ago
+ ~16 ER cts/keV/tonne/year
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XENON1T Excess
120 e i
1ook l XENONI1T i
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20}{4—H—rﬂ TPNNTITI PRI RELS
: ty 11l 13 :
0O o ll) o lllOl - 11151 - l2101 — 12151 - 130

Energy [keV]

Exquisite background control with expectation of further reductions
New limits on ALPs, dark photons, axions, neutrino magnetic moment

Knut Mora at IDM - 2207.11330
20


https://indico.cern.ch/event/922783/contributions/4892806/attachments/2484143/4264990/IDM2022_presentation_XENONnt_moraa.pdf

LXe TPC, 7 tonnes active LZ

Located at SURF, SD, USA

GdLS neutron veto

Filled in Fall 2021

All systems working well

First results a month ago!

- ~25 ER cts/keV/tonne/yr
See S. Eriksen tomorrow
at 5:10

i i : ! Commissioning
PMT orrays arrive  TPC Complete Cryostat sealed Electronics OD filling l SR1 starts
2017 2018 T 2019 T TZOZO T 2021 T T 2022 T

Cryostat arrives Grid weaving TPC Underground OD Construction  Cold Gas Xe filling Sciencel

TDR and
CD- 3
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- LZ - Full calibration of ER (background) distribution using dispersed tritium

(CHsT)
- Neutrons directly calibrate proposed WIMP signal (DD)

Allows for precise modeling in final analysis, enables discovery
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* New limits, with a minimum at 6 x 1048 cm? at 30 GeV
 See S. Eriksen, Thursday at 5:10 pm,and 2207.03764
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XLZD Consortium o |
Successful joint XLZD meeting

Leading Xenon Researchers unite June 27-29 at KIT
to build next-generation Dark https://xlzd.org/

Matter Detector White paper (2203.02309)

SURF is distributing this press release on behalf of the DARWIN and
LZ collaborations

July 20, 2021

DARWIN
LUX-ZEPLIN



https://xlzd.org/
https://arxiv.org/abs/2203.02309

WIMPs

« Spin-independent
+ Spin-dependent
* Sub-GeV

Dark Matter

* Dark photons
* Axion-like particles
* Planck mass

sSun Big Bang

+ Solar pp neutrinos + Neutrinoless double

« Solar Boron-8 beta decay
neutrinos * Double electron

capture

Supernova Cosmic Rays

+ Supernova « Atmospheric
neutrinos neutrinos

« Multi-

messenger



Large Liquid Detectors
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Large Liquid Detectors

Moore: Factor 10 every 6.5 years
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Large Liquid Detectors

Four multi-tonne detectors operating simultaneously, with more on the way!
Demonstration of technological maturity

Building these detectors is hard!

Every time we build one, we find something we want to fix next time
Ready for one more push
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Neutrino Fog

Illl' L | ] lllll' | J ] | ] 1 J Ill" L} L L] L |

103 —.- WIMP SI (6 GeV/c?)
— - == WIMP SI (100 GeV/c?)
. Atmospheric
> — B
10! -
—
©
D
>
= 10~ -
=
Q
=
b -~
= 1077 1]~ -
n: ‘‘‘‘‘ . \\

AN
10—5 1 [ 1 1 La il 1 1 111\11\1‘ La i
1071 109 10! 107 103
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“Neutrino fog” proposed by O’'Hare (2109.03116) adopted by Snowmass
(2203.08084)
Rebranding of neutrino floor to better capture the actual effect
Index n - how fast one makes progress with respect to background
Increase in sensitivity by x10 requirg§ 10" more exposure



Neutrino Fog

Gradient of discovery limit, # = —(dIn¢/dInN)~'
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10~%
1(‘]_5100—‘ 10 10 10 10° 104
DM mass [GeV /c?]
O’Hare (2109.03116) supported by Snowmass (2203.08084) define “neutrino fog”
Rebranding of neutrino floor to better capture the actual effect
Index n - how fast one makes progress with respect to background

Increase in sensitivity by x10 requires 10" more exposure
34



Neutrino Fog
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Future progress can be made with better measurements of the atmospheric

neutrino flux
35



Neutrino Fog
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- Future progress can be made depending on target
Fluorine based SD detector can go deeper than xenon-based SD detector
36



Neutrinos from the sun

Di reCtionaI ity WIMP wind, approx. from CYGNUS

Fluerine recoils [3-50 kel

Septamtier 6

Directionality can identity WIMP wind
with only handful of events
|deal case - 3D direction plus energy
Experimentally challenging | |
Cygnus program doing R&D now to T Meatclogmdet

B B

Galactic latitude, &
‘.g
[ oy “23p/2rp

o 0:)0 N :;- -

enable large scale directionality "1 o 20
Physics program for dark matter and : ]
neutrinos described in 2102.04596 T 2008

z 9

2020 2025 2030 2035 2040

ﬁ
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Dark Matter at TeV scales (and beyond)
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" Building for Discovery

Strategic Plan for U.S. Particle Physics in the Global Context

P5:
dark matter
a top priority

* Use the Higgs boson as a new tool for discovery

» Pursue the physics associated with neutrino mass

« |dentify the new physics of dark matter

« Understand cosmic acceleration: dark energy and inflation

« Explore the unknown: new particles, interactions,

and physical principles.
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Dark Matter at ~TeV and beyond
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From A. Chou, Cosmic Frontier Plenary at Snowmass



Dark Matter at ~TeV and beyond
Dark Matter Mass TeVPA!
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Dark Matter at ~TeV and beyond

Dark Matter Mass TeVPA!
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Next-generation direct and
indirect searches; new low-
threshold experiments.
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Dark Matter at ~TeV and beyond
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Dark Matter at TeV scales (and beyond)

 Dark matter poses a profound and exciting challenge to our understanding
of fundamental physics.

 Maximize the probability of discovery

 Delve Deep: Fully explore high-priority theoretical target regions (e.g.,
WIMPs and QCD axions).

« Search Wide: Deploy new techniques and pathfinder experiments to
access unexplored dark matter scenarios and lay the groundwork to go
deep on future targets.

 Dark Matter Crosses Boundaries: Complementarity across frontiers including
a vibrant theory program is critical for the discovery and characterization of
dark matter and dark sectors.



Current status
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Plan for next decade
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Direct detection at ~TeV scale has now entered the multi-tonne era (delve

deep)!
 LZ with new WIMP limits! (but no dark matter)

* Lots of interesting talks here (and at IDM two weeks ago)
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https://indico.cern.ch/event/922783/

* Direct detection at ~TeV scale has now entered the multi-tonne era (delve
deep)!

 LZ with new WIMP limits! (but no dark matter)

* Lots of interesting talks here (and at IDM two weeks ago)
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LOW RADIOACTIVITY ARGON
» Procurement of 50 tonnes of UAr from same
Colorado source as for DS-50

» Extraction of 250 kg/day, with 99.9% purity

» UAr transported to Sardinia for final chemical
purification at Aria

ARIA

» Big cryogenic distillation column in Seruci,
Sardinia

Seruci-I1 Seruci-II

» Final chemical purification of the UAr

» Can process O(1 tonne/day) with 103 reduction of
all chemical impurities

» Ultimate goal is to isotopically separate 3%Ar from
40Ar (at the rate of 10 kg/day in Seruci-I)




FUTURE DETECTOR

ARGO

» ArDM, DS-50, DEAP-3600, and MiniCLEAN jointly formed the Global Argon Dark
Matter Collaboration (GADMCQC)

» A 300-tonnes fiducial argon detector filled with underground argon

» 3000 tonnexyear exposure to reach the neutrino floor
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GADMC experiments cover the WIMP hypothesis from 1GeV/c2to several hundreds of TeV/
c2masses in the search for spin-independent coupling.
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DAMA

Residuals (cpd/kg/hkeV)

Sodium lodide
. eV Acos[w(; t-fo)]

(]l m——r—— VT T T T T T T T T T TV T T T T
, Ft—f-bh\w?‘dw?m-w-l—F | SS——— b\\l-\'i-llh-\.wll lﬂ-‘m«n ﬁ" | 4—1-13 \\Lvuﬂﬂ-\.ph-ﬂ ‘#'wm:l l l >
208
) [ 1 [ I I 1 [ 1 1 [ I [ I 1 1
.06 -t | [ | : | 2 | N [ | [ [ | o : : | [ | ! : I : | : | Z ' I [ |
: B P IR P I | oo | (R A P IR | | [ A IR N ! |
.04 = 4 ! d . : | | i ' | [ T T A T \ S S A T S SR | |
0.02 & A L TR | 1. o [ oo | ' ' oo R I '
. s ] ‘Bt L N ] H . re & 4 - Do N - "2 L@ -
0 AN A AL N LA T P N D Sy ‘¢=' oA D 2> N s BT % AR 5 VR o, W 0 s L R -t dbe
- | N A N/ AL, N VBTN R P TR S N > -, - e 3 -~ " W el » f
4N 1 ' (T & I (I [ [ (a2l I |8 [ I <3 [ | | B | 1 [
-0.02 4 + (] S A I I (I [ [ G ' A B T S | I I (R | I
-00¢ = ' A L % | | [ I [ ! N - R I Lo ! [ | !
' A IR R S | | [ | [ | | (N . [ | | [ I |
-Q06 = + L o Lo o o [ [ [ [ | ' | 2-6kev [ M | [ | |
= oL [ | | | | I | | (R D D [ | [ | |
-0.08 r , [ [ [ | [ [ | ' I I e B R - | [ | |
-1 L [ I 1 | | [T Li P T N I T TR T TS R YR [ TN S (N N T (-
1000 2000 3000 1CQ0 50C0 600C 7000 8000 9000
Time (day)

DAMA/Nal (0.29 ton x yr)
DAMA/LIBRA-phl (1.04 ton x yr)

This is 24 years!!!  uuieraphz 53 tonxyn

total exposure = 2.8€ tonxyr
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