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Dark Matter in 2001

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)

Daniel 8. Akerib”

Department of Physies, Case Western Reserve University, Cleveland, OH 44106

Sear. M. Carroll!
Department of Physics and Enrico Ferr Institute,
University of Chiengo, 5640 Sowth Elkiz Avenwe, Chicago, 1. 60637

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

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

III. DARK MATTER AND RELIC PARTICLES

“Particle physics offers two different hypotheses for the dark matter—WIMPs
and axions—either of which would constitute a major discovery of physics
beyond the standard model.”

TeVPA 2024 Hugh Lippincott, UCSB 2



Dark Matter Today

Dark Matter Mass
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Dark Matter Today

!
Dark Matter Mass TeVPA!
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Dark Matter Today
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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
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* Goal: Maximize sensitivity to DM while minimizing backgrounds



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
S Background rate




SI dark matter-nucleon cross section [cmz]

|
o
()

el
o

| llllllll | llllllll
Lower threshold
Lighter targets ’
(Reduce backgrounds)
N. Kurinsky

| lllllm[ I | lllllll

b——

3
£

New Technology

d
o
|
e
o

| llllllll

Currently excluded

| 1 llllll]

—

More exposure
Reduce backgrounds

Operating . (\,c\(\(\%

N

&'\"vd\ﬁ\
1075 1= Planning -\(\\*e‘ B

.\Ogeoe
G
e
10 50 | | lllllll : | | lllllll 1 L lllllll 1 | llllllI | | lllllll | | lllllll 1 Ll L L1l
102 10! 10 10 10 10° 10% 10°

Dark matter mass [GeV /c?]

® |imited at low mass by detector threshold

® Limited at high mass by density

® Eventually limited by neutrinos
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Neutrino Fog
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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
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Neutrino Fog

Gradient of Xe discovery limit, n — —(dIne/dIn MT) ™!
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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
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Direct Detection at ~TeV scale

» Liquid Noble Detectors
» Liquid Xenon (LZ, XENONNRT, PandaX, XLZD)
» 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

12



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

10°¢]

P nvwvAd)>

10 % |
10|

104

Probability per energy deposited [events/keV]

101 ‘
0.5 0.9 1 1.1 1.2 1.3 14 1.6
1 Eimr; ' p;' [GeV em? g



Family of chambers with increasing
size
PICO-60 - world’s most sensitive
SD proton result
PICO-40L - running now
PICO-500 under construction
See O. Harris yesterday in parallel

SD WIMP-proton cross section [cr?)
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https://indico.uchicago.edu/event/427/contributions/1482/

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




Events per 0.0025 Fprompt

Exquisite pulse shape discrimination (PSD) ER from

LAr Single Phase

NR using timing of light

3D reconstruction possible, easier as you go bigger
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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
< _, /_ veto PMTs
/
255 PMTs

os / & light guides

Acrylic vessel
& TPB layer

OJ

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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Recent developments

Cal|brat|on |S key - e g . x 10! I YBe Best-Fit Sim YBe Data
- LZ - High stats of ER (background) AT | o
distribution using dispersed tritium 4 _|-
g
(CH3T) - ~160k events! a3t _I-LL
=
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: . . : 1F
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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

Recent developments

Many rare event SearCheS, eg (nOt Complete) Spin-independent scattering (A scaling?‘

- ~Planck scale DM from DEAP, XENON, LZ . o

- EFT and inelastic searches from PICO, s 107
XENON, LZ, DEAP e

. Electron recoil searches in XENON, LZ, .
PandaX ; -

- Low mass results from DarkSide =

- Lots of models in PandaX 10" !

Dark Matter-Nucleon Ogs; lcm2]
.

Capermens
- P OO0 Gy
- U
10-4? . RNONTY
. rANUAX 9
0 50 100 150 200 250 300 00 300
0 Tkevl 0 [keV!
lo-“
N FIG. 1. Upper limits (90% C. L.) on DM-nucleon scattering cross sections as a funciion of the mass splitting for
1048 | L 1 | .\\ | the efective eperatar 2y and DR mzsses of 10 GeV/e? and 100 GeV/e? (Jeit), and 1 TeV/e? and 10 TV /e? (right],
1.2 2.0 3.0 4.0 5.0 6.07.0 10.0 from the analysis of the PICO-60 CFzl and CaFg experiments. Limits rom XENON-TT [12], PANDAX-AT [11], and
My [Gev/c?] CRESST 11 18] are also shown

24


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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We’re into the fog!

e Two new papers that begin with “First measurement of Solar 8B neutrinos...”

PandaX, 2407.10892
2.64 sigma

H B16-GS98 prediction
H XENONIT

<—| PandaX-4T (2023)

I - I PandaX 4T (pamed & US2 combmed)

0 5 10 s 20
Solar *B v flux [ x 105%cm—2s!]

ra
n

FIG. 6. The best-fit B solar neutrino flux and lo
uncertainty from this work (red), together with 90% C.L.
regions of the PandaX-4T previous constraint [33] (green),
XENONIT constraint [31] (black), and 1o of the theoretical
prediction from the standard solar model (45| (blue).

26

XENONNT, 2408.02877
2.73 sigma

L] ENO, 2013

b { XENONIT, 2021

. . . XENON®T, 2024
! ) (This work)

\

3

Test statistic g,
N
\l ]
p

/ 68% CL thrashold
U 1 1 L
0 5 10 15 20

8B neutrino flux [10% em~—%s~1]

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 687 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 g, as a function
of solar *B neutrino flux. The consiraints are derived with
Feldman-Cousins construction at €8% (90%) CL, indicated by

the black (gray) curve.



And still pushing WIMP sensitivity!
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New WIMP results from LZ (released at TeVPA!) and PandaX
» See S. Haselschwardt from Monday and Q.VVang yesterday
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https://indico.uchicago.edu/event/427/contributions/1325/
https://indico.uchicago.edu/event/427/contributions/1281/

What are we looking for? (Spin Independent)
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What are we looking for? (Spin Independent)

1 0_44 E /—-"""_—_-“ o -
___--//_- . I v 121,-}'5;,.%
P [ WA Wy
10-45¢ % e . -
: p:}(’ et 8'13 e e W28 /,,-"'—‘__."‘:
?AND’ ‘b \jc&ﬂ_ =TT e e L
20 ¥ btk Gips o= e
1 0-46] @Ot ETT e E _
pr— Y ,,"-” """""""""""""""""""
[ 5'} ‘0}\/, -~ =80 =T e e T
E L 9/’/ Lo C‘“} _____ S ghnsg .- -7
Q _ e \\\K ““““““ l“*t‘ - e
—_— 10 47|~ \N\NIG’S ‘‘‘‘‘ s LT il
— “ ’’’’’’’ at) .- =
g’ _D ,,,,, ;} @00}99-‘19'—1 ______ 51)‘ ’ 515
R WIS T Y)
g2 e ¥
10 48‘-«"’\{;\\41(’3 .
or e Flo0
Nev
10—49_ .
21p
21n8
10—50 : N ‘ .
1 2 5 10 20 50 100 200 500
MDM [TeV]

From Bottaro et al, 2205.04486 - “The Last Complex WIMPs Still Standing”
Pure electroweak WIMP candidates - tree-level Higgs process vanishes, so small cross sections

TeVPA 202 Hugh Lippincott, UCSB 29



Snowmass and P5

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



XLZD Consortium

Several successful XLLZD meetings already
completed

Leading Xenon Researchers unite ., . paper at 2203 .02309

to build next-generation Dark
Matter Detector Official collaboration coming together

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

July 20, 2021 7 i 3

XENON
DARWIN
LUX-ZEPLIN




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



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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Summary

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.”

TeVPA 202 | Hugh Lippincott, UCSB 36



WIMPs

 CDMS PRL 84: 5699, (2000) * LZ, TeVPA, S. Haselschwardt (2024)
e Best limit at 3 x 10-42 cm?2 e Best limit at 2.2 x 10-48 cm?2
Emm quT ] 1 —
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g \\
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= nCPR L- 47
210 , = 10
~ 10 l - : o8 L N sl el M- .
10 10° 10 10 o' e o "

et L WIMP Mass [GeV/c?]
* Factor of >1,000,000 improvement in 24 years! Doubling every |.2 years!
* Much faster than Moore’s Law! A triumph of human ingenuity!

* No WIMPs :(

TeVPA 202 | Hugh Lippincott, UCSB 37



Losing the narrative?

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

SPACE 18 March 2024 By MIKE MCRAE

(Mark Garlick/Srienre Photn Library/Getty Images)

Elon Musk & E M .
@elonmusk

Possibly.

Dark matter is what seems most sketch to me.

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

TeVPA 2024

Hugh Lippincott, UCSB

38



Lights in the dark

 DarkSide operating a prototype

distillation column to isotopically

separate 3°Ar from 40Ar

-~

™

) _—-—
| ./ |
- v - ‘ - j

TeVPA 2024 | Hugh Lippincott, UCSB
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Lights in the dark

e XENONNT at ~15 events/
tonne/year/keV

* LZ has zero candidate
events in a 4.2 tonne-years
of exposure

These numbers are incredible!

Suppression by a factor of a
trillion!

TeVPA 2024 Hugh Lippincott, UCSB 40



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 one more push

104
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Neutrino Fog

10—41 I [ RE |

Solar " * =
10~% | uncertainty /10

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

neutrino flux
44



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
45



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 and beyond

|
Dark Matter Mass TeVPA!
zeV aeV feV peV neV peV meV eV keV MeV(GeV TeV PeV
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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!

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

i

classm
thermal DMWNVIMP

Next-generation direct and
indirect searches; new low-
threshold experiments.

“Interaction Strength”
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self-interactions, dark radiation, light relics, etc
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wave-like DM particle-like DM




Dark Matter at ~TeV and beyond

classic
thermal DM WIMP
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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

Dark Matter Mass
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zeV aeV feV

Plan for next decade

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

10M ¢

“Interaction Strength”
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ER Background [evts x (t d keV) ]
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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
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This is 24 years!!!  uuieraphz 53 onxyn

total exposure = 2.8€ tonxyr
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XENON1T Excess
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Exquisite background control with expectation of further reductions
New limits on ALPs, dark photons, axions, neutrino magnetic moment

Knut Mora at IDM2022 - 2207.11330
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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

’ E'.‘" ‘j ':f:}i “r Commissioning
TDR and : o
CD-3 PMT arrays arrive ~ TPC Complete Cryostat sealed Electronics OD filling 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 Science!
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What are we looking for? (Spin Dependent)

™ - ' — T T T ' ' LA
10—35
-37
10 Direct Detection
Nl—l
g 10_39 »/\/
0
60 Lu—Lr
-41 ,,
2" — |
WO —

—
-
|
PeS
w

‘ RHN

—

<
BN
O

: 5 10 50 100 500 1000

Mpw [GeV]

CF Snowmass 2203.08084 61



