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Dark matter - evidence!

® (Galaxy rotation curves

Rot. velocity [km/=

® (Galaxy clusters and
collisions

® large scale structure
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Dark Matter 25 years ago

2001 Snowmass report - single 3 page section on dark matter and relic particles

Particle Astrophysics and Cosmology: Cosmic Laboratories for New Physics
(Summary of the Snowmass 2001 I’4 Working Group)

Darniel 8. Akerib”
Department of Physies, Case Western Reserve University, Cleveland, OH 44106

Sear. M. Carroll'
Department of Physics and Enrico Ferr Institute,
Univerzity of Chiengo, 5640 Sowth E'liz Avenuwe, Chicago, TT. 60637

Mare Kamionkowsk:!
Califormia Institute of Technologqy, Mail Code [30-33, Fasadena, CA 91125

Steven Ritz!
NASA/Coddard Space Flight Cenier, Mail Code €61, Greenbell, MD 29771
(Dated: Octnber 30, 2018)

III. DARK MATTER AND RELIC PARTICLES

“Particle physics offers two different hypotheses for the

dark matter—VWIMPs and axions...”

CIPANP2025 | Hugh Lippincott, UCSB



Dark Matter

Particle Physics
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Particle Physics
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WIMPs as Thermal Relics

When | say WIMP, | basically mean a thermal relic
Paradigm inherently includes the possibility of detection (DM was once in
thermal equilibrium with Standard Model)
Don’t have to worry about initial conditions

But it’s true, WIMP candidates come out of several theoretical extensions to
the Standard Model (Supersymmetry being a prominent example)

Unknown coupling b/évu?en SM and DM
< >

Dark Sector

Multiple dark matter states likely with

Mp ~1 GeV .
at least some of them being low mass
Standard Model —_——

CIPANP2025 | Hugh Lippincott, UCSB



Searching for WIMPs with Direct Detection

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

Non-relativistic elastic

/ scattering
m Mp
Nucleus 6.) = — Mil—r,r\z
mpy ' ) Q/ » e DM N
v A 2.2
" . QP 1L
)(\\\_{/)'.,. N Evec = E(l — cosb)

mpy = 100 GeVic?
my = 131 GeV/c?
v =220 km/s

E,..=3keV

Historically sensitive to >GeV particles by kinematics and technology

CIPANP2025 | | Hugh Lippincott, UCSB | 8



Direct Detection

Very rare process Rate(cts/tonne/yr) for 1047 cm?, 100 GeV
Current best limits <10-47 cm?2

Path length in lead of ~1000
light years

2.0 1

N
=

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

ts/1000kg /vr]
'—L
ot

5
o
Backgrounds, backgrounds, 0.5
backgrounds Ne '

0.0 = = =
1072 per tonne/year on surface 0 10 20 30 A0

[Energy Threshold [keV]

* Goal: Maximize sensitivity to DM while minimizing backgrounds

CIPANP2025 | Hugh Lippincott, UCSB 9
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Currently excluded
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Lighter targets
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More exposure =
Reduce backgrounds

SI dark matter-nucleon cross section [cmz]
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® Eventually limited by neutrinos
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Neutrino Fog

103 —.- WIMP SI (6 GeV/c?)
— —-== WIMP SI (100 GeV/c?)
) Atmospheric
3 —
~ 10! -
g
©
D
>
= 10! -
=
Q
-
§ 10-3 “~ .

__.__i _~§‘\\\
-4\ \\\\
10—5 1 \ 1 1 111\11\1‘ 1 [N T B W
1071 100 10! 102 103

Nuclear recoil energy [keV]

Atmospheric and solar neutrinos can interact coherently with nuclei
Indistinguishable from dark matter -> Neutrino Fog (™M)

o e o I e T Tt A K. IS 0Tt L - M. R0l P S, T R A Yo e A EA ot g - S . el S S5 SIS o AN
|l

CIPANP2025 Hugh Lippincott, UCSB



Direct Detection

Sanford Underground
Research Facility

1 Mile

LUX-ZEPLIN {LZ)
Experiment

+  Must go underground to evade cosmic rays
- Several labs around the world

CIPANP2025 Hugh Lippincott, UCSB 12



Direct Detection

More sensitivity -> scale up target...

Now into multi-tonne scales
...while reducing backgrounds

Radiopurity
Self shielding (size helps!)

Discrimination (nuclear vs electron recoils)
Explore as many interactions as possible (e.g. SD/SI/EFT)

Electron

Recoil
/)

Nuclear

Recoil
Background rate

CIPANP2025 | Hugh Lippincott, UCSB 13



Custom Dark Matter Detectors

Extremely rare interaction Large target mass - scalable

Energy depositions of ~10 keV or Low energy thresholds

below
Backgrounds - Purification
Impurities
Backgrounds - .
Detector Self shielding
Backgrounds - Internal/Detector Discrimination

Sensitivity to multiple types

Unknown particle physics interaction

CIPANP2025 Hugh Lippincott, UCSB |4



Custom Dark Matter Detectors

Extremely rare interaction Large target mass - scalable

Energy depositions of ~10 keV or Low energy thresholds

below
Backgrounds - Purification
Impurities
Backgrounds - .
Detector Self shielding
Backgrounds - Internal/Detector Discrimination

Sensitivity to multiple types
Interaction

Unknown particle physics

Noble Liquids!

CIPANP2025 Hugh Lippincott, UCSB

|5



Direct Detection with liquid nobles
» Liquid Xenon (LZ, XENONNRT, PandaX, XLZD) '. ‘

- Liquid Argon (DEAP, DarkSide, Argo, SBC)
» Liquid Helium (HERALD/TESSERACT,...)

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

» Surfaces are the enemy
* ER/NR discrimination

16 Images from LZ/XENONNT



en Genealogy

of IThe Noble larget Field
LAYr

DEAP-3600
B

| %2
a3 \(.‘

PandaXx-4t DarkSide-zok?{h e

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 Single Phase

Exquisite pulse shape discrimination (PSD)

ER from NR using timing of light

bigger

3

T M| M SN e = | |
—+— Ar39-Data P :

PSD model ¢

a
5 .
8107 —+— Ar-40 recoll MC P 3
S 10° 1
cém’ Eur. Physc. J, C\81, 823 (2021) ]
§ 107 o BN
w L

10 17'- E

3
I]]‘

-
L“_lulull

02 03 04 05 06 0.7 0.8
Fprompt (nSc) at 110 Nm

3D reconstruction possible, easier as you go

Glove box

Central support assembly
(Deck elevation)

Steel shell neck
(Outer neck)

Inner neck (green)
Vacuum jacketed neck (orange)

Neck
veto Cooling coil
Gaseous Acrylic flow guides
argon
48 Muon
A _, /_ veto PMTs
/
255 PMTs
o’ / & light guides
) (o —  Acrylic vessel
& TPB layer
Steel shell
3279 kg

liquid argon
Filler blocks

Foam blocks behind
PMTs and filler blocks

Bottom spring support
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LAr Detectors

DEAP-3600 upgrade nearly complete - goal to understand rare neck and dust
backgrounds
DarkSide-20k detector at LNGS under construction
20 tonnes underground argon fiducial, ~700t total Ar
Installation happening now!

June 2023

Installation in Hall C LNGS Underground Laboratory
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Later today: D. Huff - DM Searches with LAr in DEAP-3600 and DarkSide-20k



Some recent developments

Calibration is key - e.g.:

- LZ - High stats of ER (background)
distribution using dispersed tritium
(CHsT) - ~160k events!

- LZ and XENON have now used YBe to

calibrate low energy NR
Allows for precise modeling in final
analysis, enables discovery
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https://indico.cern.ch/event/1188534/contributions/5429332/attachments/2674694/4637858/LZ_PASCOS%202023.pdf
https://agenda.infn.it/event/39713/contributions/237829/attachments/123564/181262/xenonnt-cevns-newresults-idm-2024.pdf
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Some recent developments
Many rare event searches, e.g. (not complete):

~Planck scale DM from DEAP, XENON, LZ

EFT and inelastic searches from PICO, XENON,
|LZ, DEAP

Electron recoil searches in XENON, LZ, PandaX
Low mass results from DarkSide

Lots of models in PandaX

E.g. Tomorrow night: A. Garai - DEAP-3600 and
charged-current 8B measurements in liquid argon

Spin-independent scattering (A" scaling)

.25 \ DEAP
10 ~ '

,Ll)/\ MA

10"

EXENONIT
-31

o=

-
&

cl

DM-nucleon cross section [cm?|

DM maze
— - T Tev
— w0 TN

Exgerine ks
. CENOKAaT
BN PANCAY 4T
N CRPSETH
[ LSS TR

0 Tkevl

—

2 2.0 3.0 4.0 5.0 6.07.0 - l10.0 CHESST 11 |IB] are nlso shown
My [GeV/e?!

26

300 500 500
0 [keV!

FIG. 1. Upper bmits (90% C. L.) on DM-nuclecon scattering cross sections as a funciion of the mass splitting for
the effective operatar €2y and DN messes of 10 GeV/e? and 100 GeV/e? (left), and 1 TeV/e? and 10 TaV /e (right),
from the analysis of the PICO-60 CFzl and CaFg experiments. Limits from XENON-1T [12]. PANDAX-4T [11], and


https://arxiv.org/abs/2108.09405
https://arxiv.org/pdf/2304.10931
https://arxiv.org/pdf/2402.08865
https://arxiv.org/pdf/2301.08993
https://arxiv.org/pdf/2210.07591
https://arxiv.org/pdf/2312.02030
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.082001
https://arxiv.org/pdf/2207.11330
https://arxiv.org/pdf/2307.15753
https://arxiv.org/abs/2408.07641
https://inspirehep.net/files/f6fdf2670cc4738223d7879121c15da4
https://arxiv.org/pdf/2308.01540
https://www.nature.com/articles/s41586-023-05982-0
https://arxiv.org/pdf/2206.02339
https://arxiv.org/pdf/2205.15771

Progress is hard!

+ Each detector must grapple with a
new set of backgrounds e.g.
» Accidentals in LXe-TPCs
* Dust and geometry in

DEAP-3600
- Neutrinos...?
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But we’re into the fog!

e XENONNT and PandaX reported “Indications of Solar 8B neutrinos” last

year

PandaX, PRL 133, 191001

2.64 sigma

H B16-GS98 prediction
i XENONIT
4—' PandaX 4T (2023)
I - | PandaX-4T (pawred & US2 combmed)

0 5

10

15 20 35

Solar *B v flux [ x 10%¢m—2s!]

FIG. 6.

The best-fit *B solar neutrino flux and leo

uncertainty from this work (red), together with 90% C.L.

regions of the PandaX-4T previous constraint

XENONIT constraint

prediction from the standard solar model

31

33| (green),
(black), and lo of the theoretical
45| (blue).

Tomorrow night: D.Wenz - The first
measurement of CEVNS of solar 8B
neutrinos in the XENONNRT experiment

28

XENONNRT, PRL 133, 191002
2.73 sigma

™ SNO, 2013

= ] XENONT'T, 2021

XENONnRNT, 2024
(This Work)
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0 \ l—/ L 1 1

0 5 10 15 20
“B neutrino flux [10® cm~4s~!]
FIG. 3. Constraints on solar *B neutrino flux. Top: the

68% (90%) measurement of solar *B neutrino flux from this
work is shown in black (gray). The 68% CL measurement from
SNO [22], and 90% CL upper limits from XENONIT [6] and
PandaX-4T (7] are also shown. Bottom: the solid red line
shows the profile likelihood ratio test statistics ¢, as a function
of solar *B neutrino flux. The constraints are derived with
Feldman-Cousins construction at 68% (90%) CL, indicated by

the black (gray) curve.



And still pushing WIMP sensitivity!
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Later today: C. Amarasinghe - Results and status of the LZ experiment
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Dark Matter

Particle Physics
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What are we looking for?
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What are we looking for?
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From Bottaro et al, 2205.04486 - Electroweak WIMP candidates -

tree-level Higgs process vanishes -> small cross sections
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XL.ZD Collaboration

Leading Xenon Researchers unite

to build next-generation Dark AP
Matter Detector oo bV S
SURF is distributing this press release on behalf of the DARWIN and & »

LZ collaborations

July 20, 2021

-------

XENON
DARWIN
LUX-ZEPLIN

—— ___?’ i

APS 2025 Hugh Lippincott, UCSB 35



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

Dark Matter

* Dark photons
* Axion-like particles
« Planck mass

Sun Big Bang
+ Solar pp neutrinos + Neutrinoless double
« Solar Boron-8 beta decay
neutrinos * Double electron
capture
Supernova Cosmic Rays
« Supernova = 4 « Atmospheric
neutrinos = neutrinos
« Multi- £1 4
messenger 3 ‘EL
=
n!.": \

v



XL.ZD Collaboration

60-80 tonne LXe-TPC, 3 m x 3 m (x2 scale up from LZ/XnT)
Neutron and muon vetoes XLZD TPC
Site - several options (LNGS, Boulby, SURF, SNOLAB)
Physics case: 2203.02309
Design book: 2410.17137

1074
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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 into the neutrino fog
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Dark Matter 25 years ago

2001 Snowmass report - single 3 page section on dark matter and relic particles

Particle Astrophysics and Cosmology: Cosmic Laboratories for New Physics
(Summary of the Snowmass 2001 I’4 Working Group)

Danicl S. Akerib”

Department of Physics, Case Western Reserve University, Cleveland, Od 44106

Sear. M. Carroll!
Department of Physics and Enrico Ferrm Institute,
University af Chiengo, 5640 Sowth E'hz Avenwe, Chicagn, TT. 60637

Mare Kamionkowski!
Californmia Institute of Technology, Mail Code [30-33, Fasadena, CA 91125

Steven Ritz)
NASA/Coddard Space Flight Cenier, Mail Code €61, Greznabell, MD 29771
(Dated: Octnber 30, 2018)

“Current searches are already exploring the parameter space of
supersymmetric WIMPs [10-1000 GeV], with prospects for a factor of a

hundred improvement in the coming years.”

APS 2025 Hugh Lippincott, UCSB 39



 CDMS PRL 84: 5699, (2000)
e Best limit at 3 x 10-42 cm?
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* LZ,2410.17036 (2024)
e Best limit at 2.2 x 10-48 cm?

WIMP-nucleon g [cm?]
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10 10° 10° 10
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* Factor of >1,000,000 improvement in <25 years! Doubling every |.2 years!
* Much faster than Moore’s Law! A triumph of experimental physics!

* No WIMPs :(

CIPANP2025
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Dark Matter

Particle Physics

1024
10"t )
o' Asampling of
10°r available dark
10" | : A
.+ Matter candidates Qb
lOﬁ i i E“
10 | =1
3 It’s
o~ al . D
_& 10 neutrinos WIMPs : o
10" neutralino 2
o 0} KK photon £ Pro bably
B w0’ branon N x.
LTP 8 WIMPs,
107" | s
10.:' i . °
10 axion 4 axino ”ght’
1w SuperWIMPs :
‘0::? fuzzy COM l gravitino
I I; KK graviton
10.:“'L i E E ) J °
(I'm serious)
10710107107 10°"10 1010 10”7 10° 107 10” 107 10° 10" 10" 10" 10™
mass (GeV)

(Sort of)
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Dark Matter today

Dark Matter Mass
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Dark Matter today

~ Dark Matter Mass Classic WIMP
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Dark Matter today

' Matter Mass Classic WIMP
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Dark Matter today
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Broadening the mass reach (with noble gases)

e Scintillating Bubble Chamber (SBC)
* Liquid argon bubble chamber
e Goal: ER rejection at ~100 eV

—

S
W
Q0

threshold 1040 e
* Calibration run this summer/fall %&
at FNAL . - ™
10742 | oy

 SNOLAB chamber to follow

—

-
A
B

v-floor (Ar, n=2) 1 ©ON-yr, 100-eV Ar™, "

S| WIMP-nucleon cross section [cm2]

10746
10° 10"
WIMP Mass [GeV/c”]
<= SBC at Fermilab

See B. Broerman this afternoon, also
G. Putnam,Wed |9:00 neutrino session)

CIPANP2025 | Hugh Lippincott, UCSB 46




Broadening the mass reach (with noble gases)

« Down to the MeV region - TESSERACT/HERALD

e TES sensors measuring energy deposition in \: = \\= -.\

liquid helium (and other detector media) =, == e
o : atoms

* Energy deposition induces phonons induces 1 P
evaporation at liquid surface - -

* Superfluid target free of low energy excess phonons
(LEE) observed in similar detectors .

‘a3 Example Fit Including Triplet-Dominated Late Times
175 - (Scintillation : ::wW“efM“ \ LHe

- Evaporation
: Individual Triplets (each 16eV)

RN

'
—2.5 c.0 2.5 5.0 7.5 10.0 12.5 15.0

Sensor Current [A]

S. Hertel, UCLA DM 2025
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https://indico.global/event/652/contributions/16903/attachments/57488/110414/tesseract_UCLA_2025.pdf

Broadening the mass reach (with noble gases)

. Down to the M~eV reg.ion - TESSERACT
Project

 Approved to proceed (Dark Matter New
Initiatives)

 Two low background, shielded cryostats
at Modane Laboratory in France

 Targets can be swapped between
technologies

S. Hertel, UCLA DM 2025

LEE-Focused R&D + Detector Fabrication/Testing + Surface Science

cryostats & shielding:
Design &
Procurement

Underground
data at LSM

cryostat & shielding: Integration
Commissioning @ LPSC (Grenoble) @ Modane

o 2025 2026 2027 2028 2028
CIPANP2025 Hugh Lippincott, UCSB
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Dark Matter today
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Glass Halt Empty?

It can feel like we know less now than we did
before
What was “axions or WIMPs” is now 50 orders
of magnitude
No guarantees of discovery

Physicist Claims Universe Has No Dark
Matter And Is 27 Billion Years Old

SPACE 18 March 2024 By MIKE MCRAE

Elon Musk 2
@elonmusk

Possibly.

Dark matter is what seems most sketch to me.

9:02 PM - Jul 16, 2023 - 2.8M Views

(Mark Garlick/Srienre Photo Library!/Getty Images)

CIPANP2025 Hugh Lippincott, UCSB | | 50



Glass Half Full?

A factor of a million improvement in sensitivity in 25
years
e.g. XENONNT at 15 events/tonne/keV/year
Factor of 1012 suppression!
Explosion of ideas to search wide and delve deep!
These are opportunities!

Part of DS-20k distillation column

CIPANP2025 | Hugh Lippincott, UCSB 51



Glass 1s always full

Dark Matter exists l ar
Without it, we wouldn’t be -

here 1

It’'s worth understanding 'Z U/Qtﬂr’

There are no guarantees 7
We learn a lot on the way technically, the glass

is always full.

STEAMfest at Woodlawn School, NC

CIPANP2025 | Hugh Lippincott, UCSB | 52
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Glass 1s always full

Dark Matter exists ,]. ar
- Without it, we wouldn’t be -
here 1
It’'s worth understanding fZ U/QJCQY'

- There are no guarantees

- We learn a lot on the way fechnically, the glass
is always full.

STEAMfest at Woodlawn School, NC

Liquid noble detectors are leading the way at >GeV
scales, and pushing the boundaries at MeV scales!

CIPANP2025 | | Hugh Lippincott, UCSB | 53


https://steamfest.woodlawnschool.org/is-the-glass-half-empty-or-half-full/
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Liquid noble “DM” at this conference...

* Monday afternoon, 15:30 session:
* B.Broerman - Scintillating Bubble Chambers for Rare Event Searches
* (See also G. Putnam,Wednesday 19:00 neutrino session)

* D. Huff - Dark Matter Searches with Liquid Argon in DEAP-3600 and
DarkSide-20k

* C.Amarasinghe - Results and status of the LUX-ZEPLIN (LZ) experiment

* Tuesday evening, 19:00 session:

* A.Garai - The DEAP-3600 dark matter search and charged-current 8B
measurements in liquid argon

e D.Wenz - The first measurement of coherent elastic neutrino-nucleus
scattering of solar 8B neutrinos in the XENONNT experiment

* Thursday afternoon, 14:00 neutrino session:

* A.Schneider - Dark Sector Searches with Coherent CAPTAIN-Mills

* Several double beta decay talks (Monday 15:30 session, Tuesday |3:30 session,
19:00 session)

* Not to mention LAr TPCs for neutrinos
* Apologies if | missed your talk!

CIPANP2025 Hugh Lippincott, UCSB



Lights in the dark

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 do better
Ready for another push

104

= W ArP2 A ® Observed Result (90% CL)
42 L [
. 107 = ® NDM KX 20%-exposure Sensitivity
N —
- - -
g 1074 Oﬂ\o o O Sensitivity Goal
> gl T s
% - e
107 XENO™ 2600
5 E X ® DEAY”
= _46 Xl}y{ ® {P 'H
g 0E KENOanda ™ Oy,
Q —
Q 47 -,
2 10 = ?a“daX’A‘T i@
2 B s
& 107 = neutrino fog (Xe) XEN@S N _E'--___ - |
[ =
107% = XLZD
— I I | | 1 1 1 | I I | | I I | | 1 1 1 | I I | | I I | | 1 1 1 | I I |

2000 2005 2010 2015 2020 2025 2030 2035 2040 2045

Year
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Bubble Chambers

Fixed P, T

Pressure—

Gibbs potential—

vapour
u (P.T)

Density— Temperature—

104, : ; :
i A PICOL0.1 UdeM Sh-124
v 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-2I. Run 2 Ba-133 |
Gunter (UofC) Ba-133 |
Gunter (UofC’) Sh-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

10|

ooy A

10°*|

Probability per energy deposited [events/keV]

0.8 0.9 1 1.1 1.2 1.3 14 1.5
5 EionT; 'p, ! GeV em® g



What is a WIMP and why is one attractive?

Weakly Interacting Massive Particle
Subgroup of “Thermal Relic”

Produced in big bang - initially in
thermal equilibrium with normal
matter (Standard Model)
Decouples from normal matter as
universe expands and cools

Continues self-annihilating until
density is too small
Density frozen since that time

Current observed density matches
“weak scale” interaction strength

XX <> SM SM

105
10 ©
107
10 8
10

oo
L L
)

228
5hEGERE

o R R e
R D B
R
~

Comoving DM Abundance, Y

[ W A N O VR N O U N O SR

288
B % %

WIMPs b

eh
non-relativistic

I LA B A |

10
my /T (time —)

Yy e SM SM

(ev) = 10

27
cm s

3.1

Too much

(ov) = 10" em?s

Too little

(ov) = 107 “ cm’s ™

Hugh Lippincott, UCSB
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Snowmass and P5

* Today, dark matter is one of the biggest mysteries in particle physics
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Snowmass and P5

Today, dark matter is one of the biggest mysteries in particle physics today

Report of the Topical Group on Wave Dark Matter
for Snowmass 2021

Conveners: Joerg Jaeckel*, Gray Rybke®, and Lindley Winslow®
“hest Lot Dl "Pleawed s b
e Report of the Topical Group on Particle Dark Matter for Snowmass

'Laborsory for Neclear Seicnsoe,
2021

Conveners: Jedi Cocley—?, Tengyan Lin®, W. Hugh Lippincott®. Tracy R. Slatye:®, Tien-Tien Yu®
Contributors: Daniel 8. Akerib”, Tsuguo Arameki®, Daniel Baxter”, Torsten Bringmann'”, Ray Bunker'*. Danle!
Carney'?, Susara Cebrian'®, Thomas Y. Chen™, Priscilla Cushmar!'®, C.E. Dahl'®, Bouven Essig **, Alden Fan’,
Richard Gaitskall'®, Criszano Galbiati*?, Graciela D, Gealmini®®, Graham K. Giovanatti®!, Guillaume Gircux™
Luca Grand:®, [, Patrick [larding®. Scott Haselschwardt'?, Lavren Hsu®, Shunsakyu Horiachi® . Yonatan Kahn®®,
Daoojin Kim*’, Geon-De Kim™. Scott Kravizz'*, V. A. Kudryavisev™, Noah Kuriney®, Rafael I Lang™, lebecca

Cosmic Probes of Dark Matter

K. Taare’ |, Bemamin Vo Lo Copilin Levy™, Shenpehioe 157
Varlol™ Copelang, Mol libep™, MU Morsan 5% Slesamder 8L,
Nedeon™. Ciormn AL L O/ Hare™ KO3 Palldioe™ ') Adilva Parikb ', Jdung
Prolina™ ) Nirmmd Raj™, Briaclon M Ronch™, Tarck Sanby®™™, Miri
Skaw’, Seodeng Shin®', Kuver Sinha™' . Kelly Stitter” . Aritold Suzu
Volodymye Takhistov® *4 ) Yu-Dai Tsai*?, €. E. Vaasen®, Edcarde ! Jonveners: Alex Drlica-Wagner, Chanda Prescod-Weinstein,
Gensheng Wang™ Saawn Westerdale®, David A. Williams*'* IHai-Bo Yu
Coentributurs: Andres Adberl, Mustala Aunn, Arka Bunerjee, Muashy Barysklilar.
Keith Bechlol, Stevsen Bird, Stoon Biroer, Torsken Bring nsann, Hegioa Capetn,
Sukanva Chekrabarti, Thomas Y. Chen, Djuns Croon. Francis-Yan Cyr-Racine,
Willtaw AL Dawson, Cora Dhvorlan, Vere Glusvevie, Dantel Gilmen, Ducuel Grn,
Renée Hlazok, Hebeea 1K Leane, "Hing 8. L5 Yan Yoan Man, Joel Vesrers,
Siddhartk Mishra-Sharma, Julian B. Mudfioz, Ferah Munshi, Ethan Q. Nadler,

* Over 100 pages of dedicated Snowmass reports in CF
Athilva Parikh, Kerslin Prres, Anvilor Ho GL Peler, Stefiom Profinmn, Walelin Schuty,

Nerlima Sehgal, Jdashua 1) Siman, Kover Sinha, Veniea Vallun, Hisa 1. Wechsler

* High prominence in other frontiers
* Dedicated Complementarity report

Hugh Lippincott, UCSB 60
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P5 Report

Decipher llluminate Explore
the the New
Quantum Invisible Paradigms
Realm Universe in Physics

e Recommendation 2d:
 An ultimate Generation 3 (G3) dark matter direct detection experiment

APS

reaching the neutrino fog, in coordination with international partners
and preferably sited in the US (section 4.1).

Figure 1 — Program and Timeline in Baseline Scenario (B)

Index: M Operation Construction MR&D, Research P:Primary &:Secondary
5 Possible acceleration/expansion for more favorable budget situations

Z m m 0 PF

0 S0 = = C n 2

— W - - -0 Q — N

> = DO o @ r':_] =23 98

, i 52 0@ Z® 032 a® 3E G
Science Experiments 3w =X 0O O »w3d g
limeline 2024 2034 Science Driver 0

LHC

P
LZ, XENONNT

DarkSide-20k
G3 Dark Matter &
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P5 Report

* DOE response to P5 (M. Procario, DPF, May 2024)

G3 Dark Matter

+ From PS5 Recommendation 2, Priority 4 out of 5 :

* An ultimate Generation 3 (G3) dark matter direct detection experiment reaching the
neutrino fog, in coordination with international partners and preferably sited in the US.

* DOE response and actions:

« Atthe presenttime, based on the Snowmass Community Summer Study, there have been
two proposals for G3 Dark Matter detectors : XLZD and ARGO

* P5 recommended a domestic site for the experiment in the higher funding scenario
and an international site in the lower funding scenario.

- Start with site independent R&D as we understand the funding that will be available.
o Engage with partners who are interested in hosting.

« DOE will entertain proposals by U.S. groups for pre-project R&D.

Cffice of

3 ' US DFEPARTNFAT OF
7 'ENERGY | science

Energy.gov/science



Key endorsements & roadmaps

* Astroparticle Physics European Nﬁ'd:
Consortium (APPEC) mid- Determing the Nalure
term roadmap

* Helmholtz roadmap (DE)

* UKRI funds to develop XLZD

* SER| roadmap (CH)

XLZD / SNOLAB FPW 10




Neutrino Fog

Gradient of Xe discovery limit, n — —(dIne/dIn MT) ™!
1.5 210 2.5 3.0

1074 ~

[
=
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—
o
]

Dark matter-nucleon cross section [em?]

10—43

10—4‘9

Dark matter mass [GeV/c?]

-+ Index n - how fast one makes progress with respect to background

* Increase in sensitivity by x10 requires 10" more exposure
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Neutrino Fog

10—41 I [ RE |

Solar " * =
10~% | uncertainty /10

SI DM-nucleon cross section [cm?]
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Xenon o\ o
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Future progress can be made with better measurements of the atmospheric

neutrino flux
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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
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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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SI WINP-proton cross section [cin

Directionality
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Current status

Dark Matter Mass
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Plan for next decade
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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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What are we looking for? (Spin Dependent)
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