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Where are we, and where are we going?

Reports, Reviews, and Roadmaps

Iy 7 Y W L n WO .
W NG S
| { AL i

European Astroparticle Physics Strategy 2017-2026 DPF Community Planning Exercise

{ g » ,
iy i A —

Snowmass 2021

‘~ /‘
»
N
N
) ,
e —

e D.S. Akerib, P. B. Cushman, C. E. Dahl, R. Ebadi, A. Fan, R. . Gaitskell, et al.
"Dark Matter Direct Detection to the Neutrino Fog", & arXiv:2203.08084

. : . . _
Direct Detection of Dark Matter - APPEC Committee Report (hep-ex] & (pdf).
Committee Members: e Rouven Essig, Graham K. Giovanetti, Noah Kurinsky, Dan McKinsey, Karthik
Julien Billard,” Mark Bolllﬂ.\'é‘ Susana Cebridn,” Laura Covi,* . Ramanathan, Kelly Stifter, Tien-Tien Yu. "The landscape of low-threshold
| Giuliana Fiorillo,” Anne Green,” Joachim Kopp,” Bela Majorovits,™ . dark matter direct detection in the next decade”, & arXiv:2203.08297 [hep-
Kimberly Palladino,™" = Federica Petricca,” Leszek Roszkowski (chair),”™ Marc Schumann A
ph] & (pdf).
arxiv:2104.07634 e D.Antypas, A. Banerjee, C. Bartram, M. Baryakhtar, . Betz, et al. "New

Horizons: Scalar and Vector Ultralight Dark Matter”, &/ arXiv:2203.14915
[hep-ex] & (pdf). (also under RFO3, TFO9, IFO1)

e Rebecca K. Leane, Seodong Shin, Liang Yang, Govinda Adhikari, et al.
"Puzzling Excesses in Dark Matter Searches and How to Resolve Them®,
@ arXiv:2203.06859 [hep-ph] % (pdf). (also under TFO9)

https:/ /snowmass21.org /submissions/ cf
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- There are wider models of particle DM that cover broader mass and interaction strength
parameter space that are also well motivated.

- We have trusty liquid noble technologies that should be used to look for dark matter until we see
many neutrino-induced nuclear recoils.

- They can do other DM/BSM searches, neutrino physics, & neutrino astronomy
- New detectors and technologies are coming to probe lower mass particle DM.
- When proven, they should also be used until neutrino events are seen.

- We should be prepared for discovery at any moment, and have multiple technologies ready for
confirmation.

- WIMP searches fit into a wider ecosystem of dark matter searches, all are important.




Outline

- Particle Dark Matter Models
- Where are we in the WIMP paradigm?
- Direct Searches for Particle Dark Matter
- High Mass: Liquid Nobles
- Lower Mass: Multiple Technologies

- Expectations for the Future >
- Direct Detection plans &“@{
- Meshing with other searches @Q,@&
o X
G
o
o

“We're quietly confident that it smells of cinnamon,”

Tom Chitty 2016, New Yorker
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Old Slide of the WIMP Miracle

Particles with masses of ~100 GeV
and interactions at the weak scale
would give current dark matter

density of .3 GeV /cm3

allaaino WIMI’s

Relative abundance

Cold Thermal Relics

—
')
1

&4

1010 freeze out —

10-15
107 «— equilibrium

o~M/T

102V

1 107 1072 1073
T/M

Smaller annihilation cross section — larger Q2

WIMPs fit naturally with SuSY:
lightest neutralino, the LSP



Butlwas asked ...

- Hasn’ta ‘true’ WIMP already been ruled out?

W
SN - <
S )-&)

M. Pospelov IDM Plenary

. Isn’ t SUSY discredited since the LHC hasn t seen anything?

alladino WIMPs




A morerecentdiscussion of models

Dark Sector Candidates, Anomalies, and Search Techniques : :
- Canonical Dark matter is:

zeV aeV feV peV neV peV meV eV keV MeV GeV TeV PeV 30Mg . non-relativistic
DN B B B m S e e e e .
. — - electrically neutral
QCD Axion WIMPs - - - -
P o - limited self-interactions
Ultralight Dark Matter Hidden Sector Dark Matter Black Holes
Pm-‘lnﬂarionarvxxion Hidden Thermal Relics / WIMPless DM & denSIty Of DM NO. 3 GeV/Cm3
«—> < »
Post-Inflationary Axion Asymmetnc DM
‘_—’ . (]
Freeze-In DM - Some theories push these boundaries
e - Can dark matter candidates fit with other
Pervilium 8 theories or open problems?
Muon g-2

Small-Scale Structure

< > > .
Small Experiments: Coherent Field Searches, Direct Detection, Nuclear and Atomic Physics, Accelerators Microlensing PARK. MATTER CANDIDATES:

| | | ‘ ‘ | | ‘ | ‘ | | ‘ M wd/ &V KNMVGVTW 0% g Mg Mg 9 K3 TN IOy 0Ky 0% 10 10%%y
zeV aeV feV peV neV peV meV eV keV MeV GeV TeVv PeV  30Mg

? . N |
Aw&m Q-BAUS POLLEN |BEES
m m-ﬂw
ELECTRONS PAINTED OBEUSKS, GAmMMA NEUTRON  SOLAR SYSTEM
WITH SPACE. CAMOUFLAGE 8-BALLS MONOUTHS, RAvs OSTARDATA ~ STABILITY

US Cosmic Visions: New ldeas in Dark Matter 2017: Community Report PYRAMDS

Randall Munroe, 2018, XKCD
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An updated cartoon for particle dark matter

1027

hidden
sectors

10-37

10-47 "I can't tell you what's in the dark matter

sandwich. No one knows what's in the
dar_k matter sandwich.”

Dark Matter-SM Interaction Strength [cm?]

P N
eV keV MeV GeV TeV Mp.

Dark Matter Mass

SNOWMASS CF1 Convener’s Report
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SliDirect DM status

Gradient of Xe discovery limit, n = —(dInc/dIn MT) !
1.5 2.0 2.5 3.0
< |
10—41 U T T T nTr] | | p— T T L B L B B T | p— 10—5

..This extra layer of lead .While the new germanium detectors
shielding will further will reduce our margin of error fo one
reduce false positives.. | ten-millionth of a percent.
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Does that mean you've Not yet, but we are
been able to actually now really really good
detect dark matter? at not detecting it.

—

-
-
7

10 —46

—
-

-

~]

Dark matter-nucleon cross section [cm?]

S o - -

s
-
|

NN

o0

10—12
Michael Lucibella 2014, APS.org

.
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Xe neutrino fog .
10713

ot
(-
|

-

O

10°
Dark matter mass [GeV /c¢?] arXiv:2203.08084
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http://aps.org
https://arxiv.org/abs/2203.08084

SlIDirect DM status

10—42 | || Illlll

[ | | 1 ]llllll | 1 lllllll | | lllllll |

B Currently excluded

Lgl » -While the new germanifum deﬂzc?ors t

§ 1044 O e T
= 107 I

O

7 New Technology N

N .

/) .

£ N

Yo

O ~t

-

® 10—46 N 've Not yet, but we are

2 lly now really really good

&) r at not detecting it.

0 Operating RS2

< A\

Q ot

T o

E 10_48 [ . e‘ 6’ |

Planning 2

;G-‘S neutrino fog - ; 66 Michael Lucibella 2014, APS.org
o GO

N wev

10—50 Lol Ll Lol L1 111l Lol Lol L1111l
102 101 107 10! 107 10° 10* 10°

Dark matter mass [GeV /c?]
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http://aps.org
https://arxiv.org/abs/2203.08084

DM as Moore’s Law

10—41 =
g aP2 3 ® Observed Result (90% CL)
W
10—42 — Q DM oL
_ = o K 20%-exposure Sensitivity
o —
g 108 ENONXO O _ O Sensitivity Goal
=X -QLES' JASS‘. <yr50
> - ) <M koY
(8 1074 & oD
S i awe
Q107 KENO £.3600
2 - LUXT’Q ® ’DD BA
—-46 — X - ‘. [ )
. g 10 E XBNOYN‘aﬁdaX ! .
A 1077 = ax,zﬂtr' .
A = pand \ /7
o a8 IGLY w i
6 107 = neutrino fog (Xe) Xﬁﬂﬁgﬁ_ __________ —
— R ==
10—49 — XLZD
E L1 1 1 | L1 1 1 | L 1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1

2000 2005 2010 2015 2020 2025 2030 2035 2040 2045

Year
Shengchao Li, SNOWMASS CF1 Convener’s Report

Palladino WIMPs RICAP 2022




Liquid Noble TPCs

- Self-shielding, large fiducial masses
* Primary Scintillation (S1) with some recombination and de-excitation in

the liquid

Time

- lons drift in TPC electric field S?2
- Amplification region in gas creates proportional light (S2)
« S2/S1 provides particle ID and discrimination
* Events are hundreds of microseconds (set by electron drift velocity)
» Strong position reconstruction ‘
Drift time

» Argon can use timing of S1 light for pulse shape discrimination
indicates depth

—

{
M:m

& S- \
.5?_. ...-sr

n

log10(S2c¢ [phd])

Sle [phd]
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LZand XENONNnN

7 tonne liquid xenon Instrumentation conduits

2 2 S " ~ - .
e 4 4 ~"’_- ‘7%‘v5 - . . 3 ()> 1] 'N[iiv]ln Tlv T O T L"l]'dlrlv 512 T T .s,z.,t:f.)p. vy
time-projection ooy Existing ; s Ssesoc0sdy
| ’ Caa A - 2.5F { = 5F 10F f60%6%0%6%0%5"
i chamber : : water tank gt | 2 1 40F feSssssesstessse)
ST o 2.0F A d o4aF B 20 uao;ooo;uf_u, c o)
B & { & m T ° [pletesesesetesesod:
A, z15F 123k ¥ {5 ofgssesefeseeseecs
. » - % .5 1 ¥ | . ’ 1>~ . [egesesesedesesecer
e o Gadolinium-loaded £ 1.0f {§2F \ {7 20k, e8e8020250008 0]
SR L|(lU|d Xe |' d . || < ; 1 8 / | ] 10 &I:i‘,':x’.x?“. -~ ‘/
T B = liquid scintillator = 0.5} | BXE o 1 ~ 2t 9%s%02:%5257
: -g ; heat ] 0.0 : P - .\T\:Brv’r.\g : 0 _,‘/.‘1 Sraraed A A\:{\A‘_A: -60 .‘Kz:,' ; /
i = {{ exchanger| ¥ 120 outer i S & & & S & & & v
- o A 7 : be: & l‘ - \\" \\“ w\‘\ W \"/-) D ~ o SN
e T % 7 A" AT A& & a¥ AT WP WP
2 CE e detector XSl i ORI S S
Aoy Soereast  HK , _Time since run start [sec| Time since run start [sec]
-~ " ':":gi' D I PMTS ]D 3 T v v v T hod v v | v v v L v o v T ||
RS D 7
'i o o k- £ f\
St Sovie L E-\?l a yi
o Leriond, B <l P \
1 g‘l:;«. £ 10 Example Waveform J V
| Fefi 2=t ]\ g |
High voltage - 1\ E |
-\. ) feedth rough l() | 1 A " . L A " L & L A IJ A 11 1
. - 3813 22 3.813 240 38132 3813 24 3813 % 3813 32 3.813 340
494 photomultiplier tubes (PMTs) ! ' ’ ‘"' - !

Time since run start [sec]

e 8 S Additional 131 xenon “skin” PMTs  Neutron beampipes

* v As
- =
L] A
TR el XENO
o FAY e g ot | 2 -~ I~ T 9 =Y
» e dW¥enn =8 2 Tk b . r —=
! L _ \_ - -~ o - . » . .’
: S E ARG TS - - —. :

NnT

7

ot Pl 8

A L

-2 very sensitive detectors with new [T A

. ol :

results .';ﬂi'ljﬁ y

. Talks Tuesday and Wednesday ' ?w’ |
|

-
-
-
-

5,900 kg (4,000 kg)

- ‘Z'!_‘u,ﬂ--'
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LXe Results

- LZ leading Limits from an initial run

- XENONNT lowest backgrounds, which are electronic recolls, rules out past excess from XENON1T

- Electronic recolls give sensitivity to solar axions, ALPs, Dark Photons, and the neutrino magnetic
moment

-4

10 L e
— . 100 :
£ 107 s | XENONI1T ;
; '_9‘) 80 l
o : : !
= >, l _
.§ 10-46 \z 60 1 l ]~
: 2 3
—

5 S 40 l -
S > -
- 47| . m _
= 10 ,, L XENONRNT ]
20 | T, ! I n} I} & ?
1o L e ] LZ 0 . PR EPEPEE SPEPEPE
10’ 10° 10° 10" 20 25 30
arXiv:2207.03764 WIMP Mass [GeV/c?] arXiv:2207.11330 Energy [keV] Altheuser talk
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https://agenda.infn.it/event/29838/contributions/176723/attachments/95819/131815/20220907-althueser_RICAP22_XENONnT.pdf

DarkSide 50 + 20K

~50 t liquid argon time projection chamber o o Al
_ \ [ wide T narmmow
Under construction at LNGS in Italy S ¥ |s1 0 |8
Innovations in photosensors, underground S oF |- 5 |
argon production (reduced Ar-39 s . N\ ER s |~ NR |
background), tme Nep s - e

Calibration ¢ Chimney DSS DAQ Manhole Titanium Vessel

- 10°

B AAr Data at 200 V/en

% DS50 results (LSV Anti-coinc.)

g - P dvedy Optical Plane

X 10° “%r (Global Fit)

W

A “Ar (Global Fit) VPDU+

o

w 10

~ Calibration
10°

3

g 10°¢ Gd PMMA
10’ ~—— TPC/Veto

1

" B R gl e B g e ld 4
10 0 1000 2000 3000 4000 5000 6000 Optical Plane
: : S1 [PE)
. P. Agnes et al. (DarkSide Collaboration) . : :
Phys. Rev. D 93, 081101(R) (2016 . RIS - id »
Y (R) (2016) Sy - VPDU+

Cold Structure

Warm Structure
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DarkSide Technologies

Gadolinium loaded acrylic TPC wall
for neutron veto

SiPM, fabrication underway

Gd(MAA), doped acrylic sheet

Agnese talk (5 om thick)

Photon Detection Unit (PDU)

(16 tiles) 20 x 20 cm® e 4 readout channels

Tile (24 SiPMs): 5 x 5 cm? > -~

(largest S1PM unit ever)

2 optical planes for the TPC
+ 480 channels to instrument the UAr veto

Palladino WIMPs RICAP 2022

Gd-PMMA |

UAr (Veto)

25



https://agenda.infn.it/event/29838/contributions/176922/attachments/95937/132012/RICAP_pagnes.pdf

What technology makes sense?

10° |
A
{  Liquid Nobles R i
1021 Bubble Chambers o et
| . ’:\*\\ Q"\";—\;* ”’
™\ (‘/\\’,/
101 . .‘?\\\/,” eQ‘
> lonization in ol ‘;&
- Semiconductors/Insulators e
> 109 ; ” «
o -
— -
QL -~
S
— 10°!: o° Optical Phonons
S : et Low-Gap Materials
Q -~
e PP
104 —
it Superconductors, Superfluids
10-3 - ” Single Phonon Detectors
{ .~ arXiv:2203.08297
10-4 T —rrrreY P Y P yeryywY P Y i TTTTTYYYY
10~ 102 10~1 10" 101 102 10°

Mass (MeV)
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https://arxiv.org/abs/2203.08297

Technologies for Low Mass Searches

X

PHONON+IONIZATION PHONON+SCINTILLATION
Electric field
i : ‘, »\\ 15 Nk / “.
chpars | 1HHNGES |
8 LI | o P Phon
T ms: /agen&a“{ﬁf' ftnf’event/29838 /edﬁt‘p ations, (174824 attachments /95936 / 13280B$Ricap%2026033504per
\! ~J§ - Neganov-Trofimov-Luke oo 38 \ 7 R. Strauss IDM plenary
. ‘ | (NTL) phonons 5o S
\ .l Migdal

W Neutral electron
. * Channel 1: phonon measured with temperature
e Channel 1: phonon measured with P P projectile

temperature sensor -> Enhanced . Eehnsor | 2- light collected b her absorb ®
« Channel 2: charge measured with electrodes annel<: hght collected Dy anotiier absorber
AN laced on both surfaces (wafer or beaker shaped ) and measured with a
2) P temperature sensor
Zema talk

SuperCDMS, CRESST, EDELWEISS |
COS | N U S, TE S S E R ACT Migdal event tc?polég'y 1n.volves a nuclear recoil and

electron recoil originating from the same vertex.

Also described in semiconductors: Esposito talk
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https://agenda.infn.it/event/29838/contributions/177015/attachments/95949/132027/RICAP_2022_VZema.pdf
https://agenda.infn.it/event/29838/contributions/174824/attachments/95936/132008/Ricap%202022.pdf

The Future

But particle astrophysicists
want DETECTORS to find

Dark Matter

COSMOLOGISTS ARE EASY TO SHOP FOR
BECAUSE YOU CAN JUST GET THEM A BOX.
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Getto the Neutrino Fog: Xe

o

connection to
cryogenics, purification,

data acquisition

—

XENON10 XENON100 XENONIT XENONnT
2006-2007 2009-2014 2016-2018 2019-2024
15kg 61kg 2t 6t

* s =t -ﬁ)‘
photosensor/ v - '
0 amay -~

anode

TPC with
central
dark-matter

target B 2025-2035

il - N
£ 4 »

LEPLIN-II  ZEPLIN-HI LUX Lz
cathode 2006-2007  2008-2011 2012-2016 2020-2025
bottom 31kg 12kg 250kg 7t

photosensor
array

Palladino WIMPs RICAP 2022




What else can be done with a big detector?

Dark Matter WIMPs

» Dark photons Mot - L * Spin-independent
» Axion-like particles o - « Spin-dependent
« Planck mass o TR * Sub-GeV

Sun o R o el W Big Bang
* Solar pp neutrinos y o | e / Wi /) * Neutrinoless double
» Solar Boron-8 ' R . 4, beta decay

neutrinos N & N\ -, » Double electron
‘ : capture

Supernova " | - ,1 A Cosmic Rays

* Supernova
neutrinos
» Multi-

messenger

» Atmospheric
neutrinos

LS

o R

GERTTiN i
UCHEIE

_ _
=
e
|
ARE

) S — ) :
—— —




GADM programme

-
-
:
o

DEAP 3600 ?%\
o -

Mini Clean . ‘ - | ' . ARGO
Snolab S & _j L : _ . SNOLAB s
o A B 1§ from Mark Boulay 400 t (300 t Fiducial

ek e v
¥ = 4 :
\ é‘ ."~’. - Volume)

. Construction starts in 2022 o
4 PN NS E v Conceptual studies in progress

Data taking from 2025 Nominal e ;
Nominal run time: 10 years ominal run time: 10 years (3 kt x year)

Testera LeptonPhoton21
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https://indico.cern.ch/event/949705/contributions/4555514/attachments/2370966/4049321/LeptonPhoton2021.pdf

Resolve the DAMA/LIBRA Signal

DAMA/Nal+DAMA/LIBRA-phasel+DAMA/LIBRA-phase2 (2.86 ton x yr)

WIMP-proton S| Cross Section (pb)

-i
S

=

.
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e

—
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3 —0.02 0.2}= (Q) Residual rate at 2-6 keV — (h) Residual rate ;t 2-6 keV

N Zema talk 5 o R " N TR :

reliminary 2 ol -
o T3 50010 12 14 16 18 20 & Py B ; | a l } l” . }# + + {

WIMP Mass (GeV/ic?) Energy [keV] ol i

SciAdv 746 ‘21

Thompson LLWI 22

300
Days from Jan. 17, 2016

Days from Jan. 1fA 2016

Is it just an analysis artifact? arXiv:2208.05158
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https://indico.cern.ch/event/1075471/contributions/4667968/attachments/2395251/4095341/Thompson%20Lake%20Louise%202022.pdf
https://www.science.org/doi/10.1126/sciadv.abk2699
https://agenda.infn.it/event/29838/contributions/177015/attachments/95949/132027/RICAP_2022_VZema.pdf

Use new technologies for lower masses

Pixel array
pixel

Y p
J ]'] 'l. II

L
I I:._.__lft\-\'.';_]_';u

. 675 um
V4 lonization _
Fully active
- volume
15 um ]

Silicon band-gap: 1.2 eV.
Mean energy for 1 e-h pair: 3.8 eV.
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SENSEI % other Si

SBC
TESSERACT
QUEST-DMC

OSCURA

Full payload 100 SMs:
10 kg!



Directional Detection
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SD WIMP-proton cross section

A 10 Yl mme- Single electron threshold: 0.25 keV, 7555 Torr He:SF) ()~ " H===- Single electron threshold: 0.25 keV, 1755:5 Torr He:SF}
; Worst-case threshold: 8 keV, [755:5 Torr HeSF —— Worst-case threshold: 8 keV, [755:5 Torr He:SE |
(i B Search mode: 8 ke\, [1520 Torr SF¢ [0~ 1® Search mode: 8 ke\, 11520 Torr SF¢
-al -49 A
0 10" 10" 10 10 10 10 o 1)~ 1()" 10 10° 10* 10)*
WIMP mass [G('\’/(?"] WIMP mass [G(\\’/(f-’]
Significant contribution at low masses and SD sensitivity with fluorine is expected to
expected to be measure 10-50 neutrinos strongly improve current status

Dho talk

- Solid and gaseous directional detectors
- Can probe under the neutrino fog, first place to look is at low mass
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https://agenda.infn.it/event/29838/contributions/176441/attachments/95852/132026/Directional_Searches.pdf

Neutrinos from Primordial Black Holes

MAIN IDEA
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- PBH evaporation neutrinos could be seen in direct detectors
R. Calabrese talk
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https://agenda.infn.it/event/29838/contributions/174819/attachments/95696/131605/RICAP%202022.pdf

Complementarity

CF3: Cosmic Probes of DM
10-8 M, 104 M,

CF2: Wave-Like DM CF1: Particle DM
zeV aeV feV peV neV pueV meV eV keV MeV GeV TeV PeV

J e S N A

Extreme & dense astrophysics probes

Halo probes of interactions

Halo probes Halo probes Microlensing etc.
(small scales) (small scales)

Light experimental probes

Indirect Detection

Direct Detection

EF10, RF6, NF3 Accelerators

s ruled out by
microlensing, CMB, other cosmic probes

~90 orders of magnitude for the possible dark matter mass:
10-22 eV to 1068 eV
Bounded by astrophysical constraints.

Very low mass dark matter
suppresses structure formation
Massive compact obejct dark matter

R. Wechsler, SNOWMASS Cosmic Probe Plenary
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A Unified Vision coming from SNOWMASS

Dark Matter Mass

zeV aeV feV peV neV ueV meV eV keV MeV GeV TeV PeV 10M 5
-sm| ——

classic
thermal DM WIMP

v. DM

i
B0
3
-
.
P,
-
-
=
)
<
—
L
S
-
L—4

Gd
Z

self-interactions, dark radiation, light relics, etc

pbosons ———mM¥ M
fermions —mm M

wave-like DM particle-like DM

A Chou, SNOWMASS Dark Matter Plenary
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Our Current Status

Dark Matter Mass

zeV aeV feV peV neV peV meV eV keV MeV GeV TeV PeV 10M o
R

classic
thermal DM WIMP

vs DM

“Interaction Strength”

G)
z

self-interactions, dark radiation, light relics, etc

— bosons———

fermions ——m

wave-like DM particle-like DM
A Chou, SNOWMASS Dark Matter Plenary
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If we Delve Deep, Search Wide

Dark Matter Mass
zeV aeV feV peV neV peV meV eV keV MeV GeV TeV PeV

classic
thermal DM WIMP

vs DM

“Interaction Strength”

self-interactions, dark radiation, light relics, etc

10M,
——

-— bosons — 000
fermions —mmXXX@@M@M@M™M8M8M8M8™ —

wave-like DM particle-like DM

A Chou, SNOWMASS Dark Matter Plenary
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Launching into the future

- WIMP/high mass particle dark matter is a viable, motivated dark matter model.

- There are wider models of particle DM that cover broader mass and interaction strength
parameter space that are also well motivated.

- We have trusty liquid noble technologies that should be used to look for dark matter until we see
many neutrino-induced nuclear recoils.

- They can do other DM/BSM searches, neutrino physics, & neutrino astronomy
- New detectors and technologies are coming to probe lower mass particle DM.
- When proven, they should also be used until neutrino events are seen.

- We should be prepared for discovery at any moment, and have multiple technologies ready for
confirmation.

- WIMP searches fit into a wider ecosystem of dark matter searches, all are important.




Delve Deep, Search Wide




In Memoriam

Noel Palladino Andrew Hime
My Uncle who said, upon my Spokesperson for MiniCLEAN
leaving neutrino astronomy for Direct DM, (my first DM experiment)
“So you're going from searching Single Phase liquid Ar/Ne
for the almost impossible goal of DM and neutrino physics

to the actually impossible?”
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[ GUESS THIS HAS
BEEN A LEARNING
EXPERIENCE FOR

[ ' ; ‘ ‘ Jeff Kinney Diary of a Wimpy Kid




More Cartoons

"2% MILK" IS 2% MILKFAT, BUT “WHOLE {
A R MILK" 1ISN'T 100% MILKFAT—IT'S 3.5%. e L_/
- [ VEIRD. WHAT'S THE. REST OF IT?
| ABOUT 27% 15 DARK MATTER. | ] l | | | T_?
THE REMAINDER 15 DARK. ENERGY |

o O

DEPARTMENT OF _
ASTROPHYSICS _

MOTTO: -

YES, EVERYBODY HAS ALREADY HAD THE IDEA,
"MAYBE THERES NO DARK MATTER —GRAVITY
JUST LIORKS DIFFERENTLY ON LARGE. SCALES!”
IT SOUNDS GOOD BUT DOESN'T REALLY FITT THE DATA.,

(») (o]
Breale X X wowe _ |
Indirect Collider —- J l | L

(Annihilation) (Production)

Anthropomorphic WIMP
from Symmetry magazine Nk‘
Direct (Scattering)

>

S —

\
\
TRINOS

30,000 NEUTRN

PLUS 4 ZEPTOGRAMS

\ OF DARK MATTER |
—//__—

COSMOLOGISTS ARE EASY TO SHOP FOR
BECAUSE YOU CAN JUST GET THEM A BOX.

SM SM

Do we
Theorists
(Models)

T ALRYS FORGET TO LABEL MY MOMNG BOXES UNTIL
THEY'RE SEALED UP AND IVE FORGCTTEN LUHAT'S N THEM.
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More Cartoons

THEY ALL ASK “WHAT 1S DARK MATTER?® th :
AND “WHERE 1S DARK MATTCR?” BUT The 5" Wave By Rich Tennant
| NOBODY ASKS “HOW 1S DARK MATTER?”
o
i . B s o R
: s
i R ~ 2
TR A A AT ' i!"h' '::"!:?-q FL-: C"-\ ; Et.
- AW ;
q’au (” ;.f‘ ) . v 3 \ ‘
“':\,/j 55..-__--;‘{ 3
1y e i n ' ' '
IS Znwlugn - | I can't tell you what's in the dark matter
e A ,_ B sandwich. No one knows what's in the
- e dark matter sandwich.”
T Y | S D |
~ 4 ¢ ziPppy - “COSMOSs TOPPER" i SREFINA—
2, N 3% A W I T A i o, Senact RS T 2 s e
) / . IN onnseung,oue STILL "OPERATES," THOVGH |E ca(M £ AWEZ" -
- S AR DEEP. STiLL A euh‘?ﬁ‘éﬁ&""éiﬂi’éﬁé’o SN
' \ - b . STILL. s v > g
' AN EXD — ey iy | @RI
7 y) \ oF DEUC! [/ B\ SENDILG 00T A PULSE ~
| . <{ w—/ ’ & y “After the discovery of ‘antimatter’ and ‘dark matter’, we have just s y ”om“e“ DARK MATTER ! ~‘é LN g BOCAY NG
- | - \ / (/I } confirmed the existence of ‘doesn’t matter’, which does not have L P =Kl A ‘
) _ L SNS—— / ‘3 any influence on the Universe whatsoever.” a
My wife prefers the e } || / .
black one; she finds ¢ - é / \/‘—K 3"
dark matter so 7 . WL\):J
attractive!” - i T T—
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More Cartoons

BLOOM COUNTY

woU LOOK THE UNIVEBSE'S
TORTURED, EXPANSION IS
OLIVEB. SPEEPING UF.

..OPEEVING

™A
A LOGIC-BASED
SIMPLE  rizpgy CLEANSED

PENGLUIN.
WHAT'S OF THE PRIMOBPIAL

"DAR
MATTER?

MUD OF BELIGIOUS
» SUPEBSTITION:

C 2016 Berkelay Breathed

2016 Berkelay Breathed

THeRES NO EXPLAINING
THIS IV A LOGIC-DRIVEN

(051057 NONE?

WE CAN'T SEE IT, TOUCH IT,
SMELL, FEEL OB SENSE IT.
BUT FORBR US SECULAR
BATIONALISTS, IT EXPLAINS
THE UNIVERSE. IT'S THERE!

AND HEBE! EVEBYWHEBE!
IT HAS TO BE!
AND IT'S

by Berkeley Breathed

SO WE BATIONALISTS
HAD TO CO0K UFP
A BIT OF INVISIBLE
FABULOUSNESS SO
WE PIPN'T GO INSANE.

. .GLOBIOUS. {

/

“PARBK MATTER.”
EXPLAINS
EVERYTHING,
THANK GOP.

aop.

HOW COULD IT
NOT BE, CLEANED
OF ALL THAT
woo woo

Iaor
ATHEIST
CHILLS!

A 7
Z NS

J‘A
% —— 4

SO FRANCIS
AND 1
JUST HAD
A GOOD
PISCUSSION
ON
PRILOSOPHY.

ﬂ GoComics.com
v

£ IK\TTYGAARD. WAS \T “/ STINK,
HIMALAYADEGGER .\  THEREFORE 1 AM™?
KARL MANX. NO,No,No, waAsS
DeES CATS... (T: “7 7HINK...
KNowW WHAT EVER Y THING
HE SAID 7 STINKS " ?

2009 Darby Conley / Dist. by Andrews McMeel Syndication for UFS

NO, BECAUSE

IF EVERYTHING
STANK , THAT
WOULD MEAN
EVERYTHING WN
THE UNIVERSE
IS COMPRISED
OF DO06GS.,

e

So far, the Nobel Committee has not returned my calls.

WHAT How=

T GO ONUNE AND

LOOK AT SCIENTISTS

QBSERVATIONS CF

. ; 2 DARK MATTER
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HAHAHBHAHA! TVE DISCVERED A WAy 7O DETECT
DbeK MATTER USING ELECTROMAGNETISM!

—

AND THEN
DARK MATTER
WoULD HAVE
0 B
CALLED
FILTHY
MATTER .




ore Cartoons

JUST OUTSIDE THE BOX
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Experiments Currently running

Name Technology Target Active Experiment Start Ops | End Ops
Mass Location

Currently Running or Under Construction
LZ TPC LXe 7,000 kg | SURF 2021 2026
PandaX-4T TPC LXe 4,000 kg CJPL 2021 2025
XENONDT TPC LXe 7,000 kg | LGNS 2021 2025
DEAP-3600 Scintillator LAr 3,300 kg | SNOLAB 2016 202X
Darkside-20k TPC LAr 50 t LNGS 2025 2030
DAMA/LIBRA || Scintillator Nal 250 kg LNGS 2003
ANAIS-112 Scintillator Nal 112 kg Canfranc 2017 2022
SABRE PoP Scintillator Nal 0 kg LNGS 2021 2022
COSINE-200 Scintillator Nal 200 kg YangYang 2022 2025
CDEX-10 Ionization Ge 10 kg CJPL 2016

(77K)
EDELWEISS Cryo Ioniza- | Ge 33 g LSM 2019
III (High Field) || tion / HV
SuperCDMS Cryo loniza- | Ge/Si 5kg/1 kg | SNOLAB 2020 2022
CUTE tion / HV
SuperCDMS Cryo Ioniza- | Ge/Si 11 kg/3 | SNOLAB 2023 2028
SNOLAB tion / HV kg
CRESST-III Bolometer CaWO4 LNGS 2020
(HW Tests) Scintillation
PICO-40 Bubble C3EF8 39 kg SNOLAB 2020

Chamber
NEWS-G Gas Drift CH4 SNOLAB 2020 2025
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Experments Currently running, cont’d

Name Technology Target Active Experiment Start Ops | End Ops
Mass Location

Currently Running or Under Construction

DAMIC-M pro- || CCD Skip- | Si 18 g LSM 2022 2023

totype per

DAMIC-M CCD Skip- | Si 1 kg LSM 2024 2025
per

SENSEI CCD  Skip- | Si 2g Fermilab 2019 2020
per

SENSEI CCD  Skip- | Si 100 g SNOLAB 2021 2023
per
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Planned Experiments

Name Technology Target Active Experiment | Start Ops | End Ops
Mass Location
Planned
SABRE (North) || Scintillator Nal 50 kg LNGS 2022 2027
SABRE (South) || Scintillator Nal 50 kg SUPL 2022 2027
COSINE-200 Scintillator Nal 200 kg South Pole 2023
South Pole
COSINUS Bolometer Nal LNGS 2023
Scintillator
Darwin / XLZD || TPC LXe 50,000 kg | undetermined | 2028 2033
(US LXe G3)
ARGO TPC or Scin- | LAr 300 t SNOLAB 2030 2035
tillator
CDEX-100 / 1T || Ionization Ge 100-1000 | CJPL 202X
(77K) kg
PICO-500 Bubble C3F8 430 kg SNOLAB 2021
Chamber
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Potential Future Experiments

Name Technology Target Active Experiment Start Ops | End Ops
Mass Location
Concept or R&D
Oscura CCD  Skip- | St 10 kg Si SNOLAB 2025 2028
per
SBC Bubble LAr 1t SNOLAB 2028
Chamber
SNOWDBALL Supercooled
Liquid H20
DarkSide- TPC LAr 1.5t
LowMass
ALETHEIA TPC He China Inst.
At. Energy
TESSERACT Cryo TES LHe, undetermined 2026
5109,
Al>Og3,
GaAs
CYGNO Gas Direc- | He+ CF4 | 0.5-1 kg | LNGS 2024
tional
CYGNUS Gas Direc- | He + Multiple
tional SF/CF, sites
Windchime Accelerometer Multiple 2
array sites
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Evidence for Dark Matter
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Wavelike Dark Matter

Dark Matter Candidates

Vector Bosons Vector Bosons

Scalar Bosons (gauge coupling) (kinetic mixing)

1022 1018 1014 1010 10°° 102
| | |
¢ I I | | | I >

Particle Mass (eV/c?)

Spin Based Sensors

Optical Interferometers (incl. GW detectors) Broadband Reflectors
| I |

Haloscopes (cavity, plasma, dielectric)

Atom |nterferometers Qubits
I I |

I .
L C Oscillators Quantum Materials

Atomic, Molecular, Nuclear Clocks
I I

Torsion Balances Cavity - Cavity/at. & mol. trans. Molecular Absorption
|

Mechanical Resonators

EP Tests (Eot-Wash + MICROSCOPE)

10—.5 10—4 100 10-1 108 1012
Compton Frequency (Hz) arXiv:2203.14915
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https://arxiv.org/abs/2203.14915

DEAP-3600

Cooling Coil

10—15

10-3

Acrylic Neck (Flow Guides) ‘

o [em?]

Wavelength Shifter (TPB)

10-*

Single phase Liquid Argon (3. 3 t)
Operating since 2016 at SNOLAB in Canada
Results:

Sl and EFT framework limits from 231 live days
Planck-scale DM Multi-scatter limits from 813 live-days

6
Gaseous Argon (GAr) 5;
a -5 e
Acrylic Vessel (AV) My [GeVIC)
(a) Gaia Sausage (Necib et al.) [60]
Liquid Argon (LAr)
& arXiv:2005.14667
%7 = Acrylic Light Guides (LGs)
Photomultiplier Tubes (PMTs)
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arXiv:1902.04048 WP mass(Gevic)

Palladino

Hardware upgrades coming:
Fill to neck

.1"04 Pulse shape . ‘ f’ulw shape mntribut’io‘ns- e
tag neck alphas X - e gt
fllter dUSt Non-Coated "
PMTs
Pulse shape Pulse shape contributions:
. P,\'rm;c n PS lt‘,. = ~ZH()‘ns_ t s ~250 ns)
10 : ' p——
10" 10* 10% 10" 10" "[)(‘;.eV/ 12? PMTs
. m, c
arXiv:2108.09405
-  WLS characterization published in JINST
-  Technical paper on slow WLS coating for
background rejection in LAr submitted to NIMA
Mielnichuk LLWI
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https://arxiv.org/pdf/2005.14667.pdf
https://indico.cern.ch/event/1075471/contributions/4667972/attachments/2395199/4095262/LLWI-2022%20(3).pdf
https://arxiv.org/abs/1902.04048

Ultraheavy dark matter
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arXiv: 2203.06508
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A Modern WIMP view
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High Mass Particle DM Beyond the WIMP
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arXiv:2203.08084



Cross Section [cm2]
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https://arxiv.org/pdf/2104.07634.pdf

Direct Detection Sensitivities
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SuperCDMS SNOLAB

Cryogenic thermal phonon technology
IZIP (phonon and ionization) and HV sensors

Ge (1.4 kg) and Si (0. 6 kg)
Under construction at SNOLAB
Operations beginning Fall 2023

IZIP detector

1

-d

o
'S
[

Germanium

Silicon

Nuclear Recoil Discrimination
Understand Ge Backgrounds

Lowest threshold for low mass DM
Sensitive to lowest DM masses

Nuclear Recoil Discrimination
Understand Si Backgrounds

Dark Matter Mass [GeV/c?] 11
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Technologies for Low Mass Searches

Sensor types:

16 L] | | 1 ] 1 | 1]
-
’ A
g o 7 /

EDELWEISS R X
Neutron-transmutation-doped (NTD) sensors A

Ln(e)
~
N
d

» Ge wafers with strong T-R dependence

- S w :
- 8 & v
. ) ) ] 2 b '4.,-‘iv ../,
» High linearity 4 s 2L AT ol
A, o LA e LR 2C)
A )= NREA)
‘ -

» Sensitive to thermal phonons

1/5qn(T)
4, e 1-sensor Absorber
CRESST, SuperCDMS, COSINUS, EDELWEISS” & .
Transition-Edge-Sensor (TES) §o
» Thin-film deposited on crystals 8 - R. Strauss IDM plenary
» Strong R-T dependence at superconducting transition z 100 But also!
» Sensitive to athermal phonons s . Migdal
1% 18 17 18 9 20 2 Neutral electron
temperature [mK] rojectile v\.
Y, .P | ./ /
O S O
= | & m ! )
T * = N/
o 8 m
: 5 7 Migdal event topology involves a nuclear recoil and
e ot TP ) electron recoil originating from the same vertex.
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SuperCDMS Calibrations

Calibrating low energy
nuclear recoils is difficult
Discrepancies in the field
Definitely divergent from
Lindhard theory
Projections for Si more
conservative than
preliminary measurements

Ionization yield
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Recoil energy [eV]

f

Lindhard k=0.146

This work (LW), stats. I + sys.
This work (ring), stats. | + sys.
This work (ring), empirical fit

Cushman LIWI
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https://indico.cern.ch/event/1075471/contributions/4671273/attachments/2395280/4096796/LakeLouiseCushman_novideo.pdf

SuperCDMS: Science with new prototypes

HVeV (Sior Ge, 1 x 1 cm?x 4 mm). 2 equal area QET sensors

R. Agnese et al. Phys. Rev. Lett. 121, 051301 (2018)

Study charge transport in Si and Ge, minimize charge leakage
Improve phonon resolution, study single e-h devices

Physics runs in NEXUS (FNAL) and CUTE ongoing
Used in the TUNL ionization yield measurements.

Differential Event Rate (Hz/n.;)

A mosaic of these on 2 SuperCDMS towers can get us to the v-fog in 0.5 — 5 GeV range

0V, CPD (cryogenic photon detector) 1 mm thick (45.6 cm?) Si wafer with CDMS phonon readout

» Study phonon resolution and test facility noise performance
especially “environmental” sub-keV phonon-only backgrounds
* Phonon resolution in the 6, ~ 1 eV range now.

10?

| Viias = 160 V|

109¢
107%g E

1074+

* New prototype (with new hanging support) may have o, ~ 50 - 100 meV  mmd

Déta |
; — Laser
: MC
;

/\ Signal Model

:;E ji;i : %

2 e
1804.10697

RN
i

A mosaic of the current CPDs on 2 SuperCDMS towers can get us to DM masses of 100 MeV now

14

£ m- and down to 50 MeV if the new prototype has sub-eV resolution
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XENONNT

5.9 tliquid xenon TPC

- Operating at LNGS in Italy since Sept '21
- Radon/krypton reduction with cryogenic dist
and custom pump
- Drift field is a little low
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5,900 kg (4,000 kg)



https://indico.ific.uv.es/event/6178/contributions/15899/attachments/9214/11930/2021_TAUP_JPienaar.pdf
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« 10 tliquid xenon
- Operating at SURF in South Dakota USA
. Planned for 1000 live days over ~3 years
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Next Generation Liquid Xenon

10-50

+ 50-100 t liquid xenon TPC 1o
. Combination of XENONNT,/DARWIN and LZ 10-4 arXiv:2203.02309
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https://arxiv.org/pdf/2104.07634.pdf
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https://arxiv.org/abs/2203.14915
https://arxiv.org/pdf/2104.07634.pdf
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Elastic recoils: solid
Migdal (Xe): Tong —dashed
Migdil (semiconductor): short—dashed
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https://arxiv.org/abs/2203.08297

Type of Dark Matter Model

Visible Sector (VS) Dark Sector (DS)
B — —_— >
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>
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S () - -
- .§ @ . 4 Complete requiring SM mixing
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g o =
S g 2
O L T
2 & ,
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%' -,% ~ with computed fom Simplified requiring SM mixing
T |

- " VS Models | Models DS Models |
> 0 without computed fom without cosmological
= 0 g | | bounds applied
9 e > i
80 B
Q 2 Single Effective Coupling

2’ single non-relativistic | single relativistic coupling’

g DM-nucleus operators with one mediator

\/

arxiv:2203.08084
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https://arxiv.org/abs/2203.08084

The Main Options

102'eV  peV neV eV meV eV keV  MeV GeV TeV M,
- , , > -
T pre-infl. QCD axion general thermal WIMP
post-infl. sterile
fuzzy DM dcCD axion neutrino ADM
“classical” <
QCD axion non-thermal WIMP (FIMP)
————————————————— —
QCD axion standard
. thermal WIMP
arXiv:2104.07634 (e.g. SUSY neutralino)
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https://arxiv.org/pdf/2104.07634.pdf
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https://arxiv.org/abs/2203.08084

R.C. et al, PLB 829 (2022) 137050
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