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Evidence tor Dark Matter

150 — -

Clear evidence for dark matter (DM) on

pboth galactic («) and cosmological (—
scales.

Galactic Rotation Curves: Flat velocity
distribution implies non-luminous DM

halo.

Bullet Cluster: Strong evidence [or non-
pbaryonic DM.
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Cosmic Microwave Background:
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Temperature anisotropies of O(107>) i :
deduces (dark) matter-energy content & oo
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Large-Scale Structure: Cold DM predicts
hierarchal evolution from gravitational 3 o0
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What exactly do we know apout Dark Matter?

Spoller: Not Much!

Dark Matter Halo Solar System

\ssi///
Galactic Disk
15 kpc
50 kpc %

DM Halo Distripbution, M « r

Optically dark: does not intercact with EM force.

Gravitationally bound to our galaxy, p = 0.3 GeV/cm?

Extremely weakly interacting.

Comprises ~25% of Universe; 5x more apundant than normal matter!
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The Challenge

Dark Matter can span over 80 orders of magnitude!

QCD axion WDM limit unitanty limit

10-2 eV Sl keV GeV 10TV My 10 M
T y t S tt

“Ultralight” DM “"Light” DM WIMP  Composite DM Primordial

(Q-balls, nuggets, etc) blde hOleS

non-thermal dark sectors
bosonic fields sterile v

can be thermal

Lin, Tongyan. "TASI lectures on dark matter models and
direct detection." arXiv preprint arXiv:1904.07915 4 (2019).



An Experimentalists View
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“Break

Dark Matter Dark Matter

Indirect Detection

_—

Standard Model Standard Model

Direct Detection .

“Shake it”
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An Experimentalists View
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“Break it

Indirect Detection

Anomalous flux of y, v,
cosmic-rays from DM-DM
cnnihilations gravitationally | G e | | | |
caccumulated in heavy htps://nickrodd com/research html
cosmological objects.
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AN BExXperimentalists View

Mediator

Jet 1
Et = 130.69 GeV

Jet 0
Et = 311.38 GeV

Missing Energy
Et = 227.30 GeV

UOI}ONPOId J8p1j0D

ié ‘1! GHEW!I

Missing transverse energy
associated with DM
produced via

pPTp—=>xXTX 7

https://www.nbcnews.com/sciencemain/whats-dark-matter-find-out-about-new-frontiers-physics-2d11692139



An Experimentalists View
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Elastic scattering of non-
relativistic DM particle with
nucleus or atomic electron.

NRs: Coherent ¢ o AZ

Measure NR/ER energy in
detector to infer DM
scdattering mteraction.

Nuclear Recoil (NR) Electron Recoil (ER)

Direct Detection
“Shake it”



Direct Detection B~ O(10 eV)

| h 1 | CIYyOgenic Superheated
cCNNologles polometers licruids Potential to reach meV
~~‘~WIMP WIMI')/'o
Cryogenic -
bolometers + Scintillating

Cryogenic

charge readout
polometers

Germanium

detectors
Scintillating crystals
Erneo ~ 0(10 eV) Directiona Cha ght Erp, ~ O(keV)
. detectors . Liquid noble-gas .
Potential to reach eV Liquid nople-gas N J Potential to reach 10 eV
dual-phase time detectors
projection chambers 9

Courtesy of J Monroe (ICHEP '24)



Dlrect Detection B o O(10s V)

Cryogenic Superheated

Technologies bolometers liquids
Heat

Potential to reach meV

Choice of which targets/technique(s) to use is based on
compromise between achieving:
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3) Best particle identification.

4) Lowest background contamination.

Erpy g ~ (8 o AR
. detectors J Licuid noble-gas .
Potential to reach eV Liquid noble-gas 4 J Potential to reach 10 eV
dual-phase time detectors
projection chambers 10

Courtesy of J. Monroe (ICHEP '24)



Dartic

Weakly Interacting Massive

1022 eV iy keV

“

QCD axion WDM limit nitarity limit

oaleV

_ T

“Ultralight” DM “Light” D

non-thermal dark sectors
bosonic fields sterile v

can be thermal

M

balls, nuggets, etc)

)

Co

10 M,
—

omposite DM Primordial
(Q-

black holes
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local WIMP density W. nucleon scattering

Cross section

Search Overview ® e~ db
dE a mMxm vf(v) dE
Pushing Unchartered Territory RPN v | OER
|
nucleus mass WHI\/I P mass WIMP speed distribution
in detector frame
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Dark matter mass [GeV /c?]

Snowmass Cosmic Frontier Report, arXiv:2211.09978
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WIMP Search Overview
Pushing Unchartered Temtory

1) Larger Detectors
- Operate them for
longer!

DarkSide-50 — DarkSide-20k:

x1000 Increase in target
volume.

2) Background Mitigation
- Material Control/Radioassay
- Particle ID (Bkgd Discrimination)

10* [modiﬁed from Malling; UCLADM’16 .

10° [ --l
J

1 CDMS Il Ge |
10 . ]Ll .
1072 FMU1

DEAP, +PSD  gorexin

600¢

XENONI1T

pp solar neutrinos

Background Rate [keV~! kg~! day ']

10° 10t 102 103 104
Energy [keV,.]
-

13

Courtesy of J Monroe (ICHEP '24)
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D Search Overview

Pushing Unchartered Territory

WIMP-nucleon scattering

local WIMP density ,
cross section

v
dR 2o J o0 ) do N
— = V(v
dE R mNT’{lX v, . T dE R
| |
nucleus mass  WIMP mass WIMP speed distribution

in detector frame

sl
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Currently excluded
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New Technology ~
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Xe neutrino fog

SI dark matter-nucleon cross section [cm?]
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=
N
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Expect <1
signal event
per year!

10—50

102 101 102

Dark matter mass [GeV /c?]

101 100

Snowmass Cosmic Frontier Report, arXiv:2211.09978
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W,

D Search Overview

M

Pushing Unchartered Territory

WIMP-nucleon scattering

local WIMP density .
cross selctzon

v
=2 B,
_ VJ(V
dER mNT’{lX v, . T dER
| |
nucleus mass  WIMP mass WIMP speed distribution

in detector frame

pd
9
5

| IIIIlIII | Illlllll | llllllll

Currently excluded

SI dark matter-nucleon cross section [cm?]

| Illlllll

| llllllll

Expect <1
signal event
per year!

—48 | > . =
10 ?/\/ eoé{(\qe
Xe neutrino fog | O’-\‘\%
et
10—50 | | lllllll | | Illllll | | lllllll | | lllllll | | lllllll | | IIIIIII | I
102 101 100 101 102 10° 104

Dark matter mass [GeV /c?]

Snowmass Cosmic Frontier Report, arXiv:2211.09978
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Liguld noble detectors lead constraints.

D

4

4

EAP-3600: Single-Phase Liquid Argon —
Scintillation signal (S1) only.

Dual-Phase Time Projection Chambers (TPCs)
Ligquid & Gas.
(S2) signal; bet

f90

— Scintillation (S1) and Ionisation
fer position reconstruction.

Xenon: PandaX, X

ENON-1T LZ

ioactivity: enhonced A?
ndependent).

Lower Intrinsic rad
poost factor (spin-1

Outgoing
Particle
—>

T Electrons

Argon: DarkSide-50 (Darkside-20k)

"

7

Incoming
Particle

Strong NR/ER discrimination power from
Pulse Shape Discrimination (PSD), more

scalable.

O O O O O O ©O © O
L T T S S
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Time [us]
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[PE] Dss0 Collaboration., Phys.Rev.D 98 (2018) 1020(
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Courtesy of A. Cottle (ECFA '24)



WIMP-nucleon og; [cm?]
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== Median 30 discovery potential

--- Median expected upper limit |

Power constrained upper limit _
===« Raw upper limit

Ill 1 L1 1 1
10° 10*

WIMP Mass [GeV/c?] T

High Mass WIMP Searches

Global Argon Dark Matter Collaboration (GADMC) tormed

n 2017: 400+ people across 14 countries.

» DarksSide-20k (50 tonnes LAT) currently being

constructed at LNGS: SI-WIMP sensitivity projection

down to v tloor! [See D. Santone’s talk].

Leading limits on SI-WIMP
nteractions from LZ (7 tonne LXe).

» Next generation LXe

experiment: XLZD (40-60
tonnes)

Exclusion 90% C.L.

1 pMSSM11 [EPJ C 78 256 2018] \.
“ W Scalar complex WIMP [EPJ C 8 992 2022] -

| 220 Dirac complex WIMP [EPJ C 8 992 2022]

10-45 “ Bl Ar v-fog [PRL127 251802 2021]

10-44

10461
oK
3 A\ o
— 10-47 \ L
5 :
o}
] LZ 90%CL excl [2207.03764]
10-48 e T — LZ 2.7 y (15.3 t yr)
=== XENONNnT 5 y (20.2 t yr)
- DS-20k Fid. 5 y (100 t yr)
- =+ DS-20k Fid. 10 y (200 t yr)
10-49 IR S — — == B L - - - - DS-20k Ext. 10 y (460 t yr)

== ARGO Fid. (3000 t yr)
== XLZD (1000 t yr)

0.01 0.1 1 10 100 500
M, [TeV/c?]




QCD axion

1 0-22 V classic window
e 10°-10%eV

“Ultralight” DM

non-thermal
bosonic fields

‘Lignt” Dark Matter

WDM limit

C B8
sterile v

can be thermal

unitarty limit

eV 1w00v M,

WIMP

)

10 M,
—

Composite DM Primordial

(Q-balls, nuggets, etc)

black holes
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L.ow-Mass W

Ligquid Nobles: Dual-phase TPC technology can exp

0 Searches

signal (52) only to reach sub-keV recoll energy thresholds.
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= == LZ nominal

— | Z combined

lll 1 lll"[ | IHHII] | HHHI] | IHHII] | Hlllﬂl 1T

LXe yield uncertainty (+10)

— LZ S2-0only

DarkSide S2-only

3 4

Acerbl F, et al.
"DarkSide-20k
sensitivity to light
dark matter
particles." arXiv
preprint
arXiv240705813
(2024).
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Akerib, D S, et al
'Enhancing the
sensitivity of the LUX-
Z/EPLIN (LZ) dark matter

experiment to low energy

signals.” arXiv preprint
arXiv:2101.08753 (2021).

.

3.0

4.0

m, [GeV/ c?]

DS-20k - 1 year
QF - Ne-Zz

DS-20k - 1 year
QF - Ne-=4

DS-50 - QF - 2023
PandaX-4T 2023
XENONNnT 2023
PandaX-4T 2023
LUX 2021
XENON1T 2021
Pico-60 2019
CDMSlite 2018
LUX 2017

CDMS 2013
Cogent 2013
DAMA/LIBRA 2008
Excluded region

LAr Neutrino fog n=2

experiments
19



L.ow-Mass W

Ligquid Nobles: Dual-phase TPC technology can exp

M.

signal (52) only to reach sub-keV recoll energy thresholds.
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0 Searches

loit ionisation

Migdal Effect: Surrounding electron cloud accelerated atter
NR, relecases de-excitation ionisation.

S2
threshold!

SI DM-nucleon cross section [cm?]

T e S e A -y
) o O O (e o (] o O (o)
] N N N e N N
— =] O %] ~J (=2} W =S W (3]

— = LZ nominal (Migdal)
= |_Z combined (Migdal)
= |Z S2-only (Migdal)
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New

» Additional ionisation signal means even lower energy

llII

DS-20k - 1 year
QF - Ne- =2

DS-20k - 1 year
ER Migdal - Ne- =2

DS-20k - 1 year
QF - Ne- =4

DS-20k - 1 year
" ER Migdal - Ne- =4

DS-50 - QF - 2023
LZ 2023

PandaX-4T 2023
XENONNnT 2023
PandaX-4T 2023
XENON1IT 2021
Cresst-III 2019
XENON1T ME 2019

Excluded region

0.3 0.5

1

m, [GeV/ c?]

20

* Same citations as previous slides



[.ow-Mass WIMP Searches

Low-mass cryogenic experiments have potential to reach meV recoll energy thresholds: opportunity to
explore brand new parameter space!

» Limited by readout technology.

Scintillating Crystals Superfluid Helium Bolometers

- Al O3 CaWO4 (CRESST) - He-4 (HeRALD) or He-3 (QUEST-

DMC).

- Recoll energy from
heat, particle ID from
heat/scintillation ratio.

- Recoll energy from quasiparticles
(heat), particle ID from
quasliparticle/scintillation ratio.

Semiconductors

- (Ge, Sidetectors (EDELWEISS,
SuperCDMS)

- Recoll energy rom heat,
particle ID from heat/
1onisation ratlio.

21




[.ow-Mass WIMP Searches

Low-mass cryogenic experiments have potential to reach meV recoll energy thresholds: opportunity to
explore brand new parameter space!

» Limited by readout technology.

memmsms CRESST-III Si 2022 (this work) ~— CRESST-IIl 2019

— = SuperCDMS-CPD 2020
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Dark Matter Particle-Nucleon Cross Section (pb)

= = CRESST surf. 2017

= = SuperCDMS-0VeV 2022 =:=:=: Collar 2018
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103

o
k Matter Particle-Nucleon Cross Section (cm?)

SIN-
ndependent («)
and spin-
dependent (—)
Interactions can

pbe probed using
different targets.

[See P. Franchini’s talk].
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10—34 E

SD DM-neutron cross section [cm?]

. XENON1T S2-Only MIGD

CDMSIlite Run2

10736 o T
10 10% = o N PandaX-Il
< SEensitivity to . QUEST-SQUID
-8 10
] T s .................................................................... _§1036 brand new \
ot N R — S S e parameter space! Lo-io | | XENONAT
0.08 0.1 0.2 03 04 05 107° 1074 10° 10t

Dark Matter Particle Mass (GeV/c?)

Angloher, G., et al. "Results on sub-GeV dark matter from a 10 eV threshold CRESST-

[l silicon detector." Physical Review D 10712 (2023): 122003

Dark matter mass [GeV/c?]
7

QUEST-DMC collaboration, et al. "QUEST-DMC superfluid 3 He detector for sub-GeV dark matter." The

European Physical Journal C 84.3 (2024): 248.



Ccomplementarity: Indirect Detection oo

Particle Physics Preparatory Group:
Physics Briefing Book." arXiv
preprint arXiv:191011775 (2019).

| . . . . 10722 -
Leading constraints at high mass: WIMP trapping in the [ Fermi dsphs (5b) ﬂ!
SUN. ] — H.E.S.S. GC (bb)
_ | | 10724 ——- CTA GC (bb)
D _ ] :
» WIMP-p scattering + capture in the Sun. { ——- Fermi + LSST
q . . . . : | mmmm Higgsino DM
» Annihilation signatures in neutrino telescopes. T 10-2 | wm—"Wino DM
c : Fermi GeV excess . 2
M \ PICASSO, , 3 107 —
107 & ' PICO-2, PICO-60 (CF3l), e O ST
: ICECUBE, SUPER-K, 1 O T~ TN
I PANDAX-II 1072 - P - T_’\ —————
10—33 3 ‘-“o'."‘ ———————————
E ----------- ““’ i ] 10—27. ! ! ! oo ! ! ! L | ! ! ! oot
: . - LT 7= - 101 102 103 104
..... W *L Ll -~ DM mass [GeV]

=
&

Gamma-ray opbservations of dwarf spheroidal galaxies —
Constraints on DM selt-annihilation cross section

SD WIMP-proton cross section [cm?]

» Fermi GeV excess: DM signal?

S
5
1 IIII|
l
l
|

PICO-60 C_F . . . .
‘Complete Exposure e Astrophysical interpretations of the excess probed with

ol SN e upcoming radio observations, while collider experiments

3 o 23
" WIMP mass [Gevfcglz 10 probe dark matter origin.

Courtesy of J. Monroe (ICHEP 24)



Complementarity: Collider Searches

Colliders probe what the dark matter particle 1s (no assumptions made on thermal history of DM)

» LImits on bronching ratios — cross-section vs mass (direct detection).

10°°
107
107%
107
107%
107%
107
107
107%
107
107%
107%
107
107

o, (x-nucleon) [cm?]

Ellis et al'European Strategy for Particle Physics Preparctory

Group: Physics Briefing Book." arXiv preprint

arXiv:191011775 (2019).
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P ° ° ° 1 \B\f\

5 HL-LHC,ms\.ab o Collider limits are N\ i
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Happy region of overlap where accelerators can confirm direct detection discovery (and vice versal)

—— XENON1T

PRL 121 (2018) 111302

= PandaX

PRL 117 (2016) 121303

= DarkSide-50

PRL 121 (2018) 081307

—LUX

PRL 118 (2017) 021303

= DarkSide-Argo (proj.)
DarkSide-Argo EPPSU submission

~— DARWIN-200 (proj.)
JCAP 11 (2016) 017

=—HL-LHC: BR<2.6%

Higas PPG, arXiv:1905.03764

=—HL-LHC+LHeC: BR<2.3%

Higgs PPG, arXiv:1905.03764

— - . °
CEPC, FCC-ee,, ILC,_: BR<0.3%
Higas PPG, arXiv:1905.03764

- FCC-ee/eh/hh: BR<0.025%

Higas PPG, arXiv:1905.03764

I \)
European Strategy,



Beyond the WIMP Paradigm

Elastic scattering off atomic electrons: interaction of supb-GeV
DM termion/scalar boson via vector mediator.

‘ ‘ Mediator can be light (my,.q << m,) or heavy (my,q > m,)
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~~~~~
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10732 -35 _
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Beyond the W.

Warm DM inelastic scatters

off atomic electrons: sterile v/

Sterlle v mixing with an
cctive v state by an angle
| U 4 1 could inelastically

scatter off a bound electron.

Mertens, Susanne, et al. "A novel detector system for KATRIN to search for
keV-scale sterlle neutrinos." Journal of Physics G: Nuclear and Particle

Physics 466 (2019): 065203,

° Paradigm

Constraints on | U4 B
from beta decay:
energy spectrum
modified by sterlle

neutrino mixing.
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Indirect detection:
X-ray energy
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constrains | U, B
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Bolton, Patrick D, Frank F Deppisch, P S. Dev: "Neutrinoless double beta decay
versus other probes of heavy sterile neutrinos." Journal of HEP 2020.3 (2020): 1-56.



Beyond the W.

Warm DM inelastic scatters
off atomic electrons: sterile v/

Sterlle v mixing with an
cctive v state by an angle

| U, |* could inelastically
scatter off a bound electron.

=

° Paradigm

Mertens, Susanne, et al. "A novel detector system for KATRIN to search for
keV-scale sterlle neutrinos." Journal of Physics G: Nuclear and Particle
Physics 466 (2019): 065203
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Beyond the W.

107111

Axion-Like Particles (ae

10~ 14

10" 121

10-13

MP Paradigm

Absorption by atomic electrons: ‘dark” photons (DPs) via kinetic mixing
caxion-like particles (ALPs) via axioelectic effect.

» Perform "‘bump hunt: mono-energetic peak centred at

detector resolution).

m, (smeared by

Set constraints on ALP-e™ coupling g4, or DP kinetic mixing strength k.
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Dark Matter

Very Heavy .

QCD axion

1 0_22 V classic window
C 10% - 104 eV
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anck-Scale Mass Searches

Produced non-thermally through GUTs, primordial black
hole radiation, or extended thermal production in a dark
sector.

D

Has high enough mass to scatter multiple times as it
traverses a detector: multiple co-linear NRs.

Optmal target: large detector area normal to DM flux and
large "thickness™

» First direct detection constraints from DEAP-3600,
followed by L.Z
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Adhikari, P, et al
"First direct detection
constraints on
Planck-scale mass
dark matter with
multiple-scatter
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detector." Physical
Review Letters 1281
(2022): 011801
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Axions as Dark Matter

QCD axion WDM limit unitarity limit
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Axion Searches

Motivated to solve strong
CP propblem.

Detect weak conversion
of axions into microwave
photons in the presence

of a strong B field.

Detectors:

- Haloscopes (relic
AxXIioNs).

- Light-shining-through
walls (lab axions).

- Helioscopes (solar
axions).
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Axion Searches
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Conclusions

No concrete dark matter signals yet, however thanks to technology advances, direct
detection searches are firmly in discovery mode!

From axions to very heavy dark matter: we are exploring dark matter candidates spanning

~40 orders of magnitude!

Liquid noble detectors lead t

neutrino floor within the next

he charge in high mass WIMP searches and will reach

decade.

» Complementarity with high energy frontier.

Cryogenic experiments provide best opportunity to observe low mass (subb-GeV) WIMPs
and dark matter candidates beyond WIMP paradigm.

» New (quantum) technologies continue to drive down energy thresholds to sub-eV
level: probing brand new parameter space!
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Modulation Signals

Sun moves through the Milky Way with a velocity of
about vg ~ 220 km/s: boost of dark matter velocity

distribution in the laboratory frame.

WIMP Wind

» “WIMP Wind” coming from the direction of Cygnus.

The Earth moves around the Sun with a velocity of
about vy ~ 30 kmy/s, increasing the boost in summer

cand decreasing it in winter.

» Larger WIMP flux in summer compared to winter
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