DIVERSE: MORE UG LABS, ARGON,
MODULATION, DIREGTIONAL
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UINPERCGROUND LAES, EXANMPLE: BEDNENTS

BEDRETTO LAB

UNDERGROUND
PHYSICS

v ‘
.
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1xE SEENEENCIUNE/AN DIC)

Underground laboratories are indispensable for many sciences
Among others:

Astro Particle & Neutrino Physics

Gravitational Waves

Nuclear Monitoring & Assaying

Quantum Sensing & Computing

Biology & Extreme Life

Earth Sciences

Geothermal Energies

Provide unique, background reduced-environments
to explore the Precision Frontier

Slide gratefully stolen from Bjérn Penning

Grav Waves

Nuclear

Biology Geology
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Underground Labs allow us to shield cosmic rays that will interfere with our detectors
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UINBIERESROIUINPHSHGUIIENER

Underground labs are very quiet, minimizing vibrational noise and gravitational gradients, which enables
gravitational wave searches & improves Quantum sensing
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SIGNIFIEANTTSEIENHIFIS INTERES T

arXiv papers per year (query: underground)

300

250

200

150

Number of results

100

50

1995 2000 2005 2010 2015 2020 2025
Year

The size of our community has about doubled in the last decade, still increases quickly due new fields being explored such as
quantum sensing and gravitational waves
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LOECAINCIN CF UINPERGROUINBHEARS

AMIOKA .
CUP-IBS
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IHE GLOBAL LANDSCAPE

Asia

0

O

¢ 3

Kimballton @

® LsBB YaL Q
3 -2000 WIPP - %
3 ® 3

- Canfranc
£ ® . 2
£ pouly : SUPL o
a .( Provesed Kamioka v, milab @
2 -4000 (in progress) 3
Q SURF GranSasso ~ ®  “Callio Lab INO o8
- w/ LBNF Modane (+muttiple levels) (proposed) |

£ SURF 4850L Baksan <
8 (+ proposed) ‘ SNOLAB ANDES 3
3 -6000 o (proposed) g
SURF ' )
7400L —

(future potential) C

P

-8000

Jinping - CJPL I+l
Note: Circles represent volume of science space

Caveat: This picture overstates how many labs we have
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IFHE GLOBAL LANDSCARE

Southern

RSl Hemisphere

SHALLOW LABS

;i -2000
- .Canfranc
£ O
- Boulby
-E " oroposed) Kamioka . SUPL
% Yemilab
(in progress)
a -4000 SURF Gran Sasso o
- w/ LBNF Modane G
(o)
il
g SURF 4850L
o (+ proposed) SNOLAB
3 -6000

XnJ} uonw AelJ-01wsoo buisealda

-4

-8000 Jinping - CJPL I+l

Note: Circles represent volume of science space

Closer to current state of the field
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SANFORE UNPERSROUNP RESEARCH FACIETY

Yates Shaft

e Deepest US lab located in Lead, South «D >
Dakota, USA avis Campus

e 1.6 km deep (4800 m.w.e.), Rn=150-350 Bg/m?

Slide gratefully stolen from Bjérn Penning

Knut Dundas Mori | knut.moraa@uzh.ch 272



mailto:knut.moraa@uzh.ch

SANFORE UNPERSROUNP RESEARCH FACIETY

Focus on Neutrino & DM physics
Experiments: DUNE, LZ, Majorana, CASPAR
DUNE: Excavation complete, cryostat install to start & science end of decade
Caspar: Study stellar processes via underground low-energy accelerator
Underground shops and majorana copper production

Others: Radio assay setup (BHSU), geological and biological research
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SINGIEAE

AB

IMINING FOR KNOWLEDGE
(CREUSER POUR TROUVER... UEXCELLENCE

e SNOlab is located at in Sudbury Northern Ontario, Canada
e Depth: 2070 m (6010 m.w.e), Rn=130 Bg/m3
e Particularly known for SNO (nomen est omen)

e Operating ore mine
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SINOIEAR

Curront Experiments
Cryopit Future Experiments
Next generation experiment Labaratory Facilities
Cube Hall OvBB decay or dark matter Experiment Areas
DEAP-3600, PICO500, NEWS-G
potential for large project after 2030 / Electrical Shop J-Drift

SENSEI, DAMIC,
Oscura

Halo Stub \

HALO
potential breakthrough for
future expansion

Ladder Labs
PICOA40, SBC, CUTE, —— R
SuperCDMS

Plants
UPW, ScintillaN‘

Life Sclences Lab
Chemistry, REPAIR

P

2
SNO Cavern /' 5030 m? of c;lass 2000 cleanroom
SNO+, SNO+ Te ' underground.
. T Low Background Lab <2000 particles >0.5 pm in
Potential for large .
. HPGe assay/screening, XRF, Radon Boards, diameter per ft? 20200612746
project after 2040 FLAME, XIA, CTBT Dual HPGe, 2600 m? of dirty space

lceCube DOM Testing

¢ Key part of Canadian Major Research Facilities (MRF) framework

Extension and facility upgrades considered

Knut Dundas Mori | knut.moraa@uzh.ch 275

Slide gratefully stolen from Bjorn Penning


mailto:knut.moraa@uzh.ch

Gufu
Hida

North Kamioka, / Mt. Nijyugo-yama

) =
Direction e - - %1
A £ 600 m
i XM“,SE\.,, _ Kamland Sakonishi :

- . = '
Super 3
Kamiokande

Hida in Gifu Prefecture, Japan, close to Toyoma

Depth: 1000 m (2,700 m.w.e.) in Mozumi - 600 m Tochibora (10km South)
Rn ~ 100-1000 Bq/m3
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Best known for T2K and Hyper-K:

13k, 20k PMTs respectively
50k vs. 250k tonnes of water

Excavation of the huge cavern for Hyper-Kamiokande
completed

- ~—

——, - g — R

R e > ' * T -.
Y  Observatory, ICRR (Institute for Cosmic Ray Research), The Universi okyo
e e il e T U L R
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KAMICKA

KamLAND (Tohoku Univ.) ™\

® 1 kton liquid scintillator detector.

® Reactor, geo, low-energy
astrophysical neutrinos, 136Xe Ovpp
decay.

Super-Kamiokande
& # ® 50 kton Gd-water Cherenkov
: detector.
® Atmospheric, solar, SN neutrinos,
DSNB, proton decay, indirect DM
searches, far detector for T2K. )

~

CANDLES (Oosaka Univ.) 3 =

® CaF, scintillator. —
® “8Ca Ovpp decay. ' . 2b-A
£ ¢ &

Clean room in storage
® ICP-MS (Agilent7900)

® Low BG HPGe in Lab-D
AICHAM

XMASS

® 1 ton single-phase LXe detector.
® Direct DM searches.
® Data taking was completed.

Others in Lab-C
® Two ultra-low BG HPGe

EGADS
® 200 ton Gd-water test tank

ﬂ

totsu entrance
100 m

Lab-I

® Three HPGe
® Low-BG a counter
® |[CP-MS

® 100 mx 100 m prototype.
Geophysics

® 100 m X2 laser strairl](:yneter.

[CLIO (Gravitational-wave)

Very large facility with some of the largest detectors in the world + GW

Knut Dundas Mori | knut.moraa@uzh.ch 27
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>

{ ]
Gran Sasso M'ountains

| 3600 m.w.e. '

4

Underg?v
Gran Sasso
Laboratory

Gran Sasso National Laboratory (LNGS)
Biggest European lab, ~2h from Rome
3800 m.w.e. of rock, Rn~100 Bq/m3

Three very large experimental halls
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XENONnT

COSMIC SILENCE

CRESST LEGEND-200 GEMINI COSINUS

CUORE LUNA-400 LVD GINGER
CUPID

BELLOTTI IBF

CUPID R&D

CYGNO
BOREXINO

LIME/CYGNUS

Running
Construction/Commissioning
Decommissioning

ENTRANCE
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LNGS

Lots of activities for present
and future experiments

Best known probably for: g b
XENONNnNT, Borexino, N g
DarkSide A =

UZH operates Gator at LGNS,

collaborate (a bit) on
cryoplatform

Knut Dundas Mori | knut.moraa@uzh.chz TI
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MODANE

Located in Frejus tunnel between Italy &
France (close to Geneva)

Deepest European Lab
4800 mw.e, Rn ~ 10-15 Bq/m3

Rich history in DM & Neutrino (Edelweiss &
SuperNemo)

Extensive counting facilities

Fréjus peak
Altitude 2 932 m

Fréjus road tunnel

Altitude
1298 m

Altitude
1228 m

Distance o m ASI?I 6210 m 12 868 m

Knut Dundas Mori | knut.moraa@uzh.chz 2
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MODANE

e Science prog adapted to lab size:

o Low-mass DM Experiments
(TESSERACT)

o 0Ovpp technologies
o Background counting

e Space tight:

Free space
6%

e Studies for a new mezzanine level

Knut Dundas Mori | knut.moraa@uzh.chz 3
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MG BDAINIE

© I do not know why
France likes to put
particle physics
experiments at its
borders:

© CERN (Switzerland)
@ Canfranc (Spain)
© Modane (Italy)

¢ Belgium, Luxembourg

and Germany gets
nuclear reactors

Knut Dundas Mori | knut.moraa@uzh.chz 4
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MGDAINE

FRANCE

Fréjus road tunnel

Main hall

HPGe room 2

NEMO lil

Services:
electricity, ventilation,
air conditioning

£
?

-
T '.
S
SHIN

HPGe room 1

| S

EDELWEISSi-1I
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JINPING

As part of the Yalong river hydropower complex in
Sichuan, tunnels were dug through a river meander to
redirect water, including access tunnels

Deep, 2400 m of rock = 6720 meter water-equivalent

CJPL is an expansion of these access tunnels, with
four huge experimental halls 4x12x130 m

Knut Dundas Mori | knut.moraa@uzh.chz 6
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JINPING

Jinping houses PandaX, nee 4T, now starting
construction on 20 tonne

Also includes CDEX— a large germanium dark
matter experiment

Underground Ge crystal manufacturing
Large germanium screening facilities
Quantum computing

Biophysics

CJPL#=

Cryogenics and
recirculation

Liquid xenon
storage

Rn removal
system

Electronics
and DAQ

Distillation

fower water system

Rn-free
clean room

[

whiD@7

Knut Dundas Mori | knut.moraa
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WORKINGHINILABS

Limited number of labs, most rather occupied

Not only having a lab matters, but infrastructure,
accessibility, access, safety matters as well

Examples:

Is the lab dedicated to science or is it an operational
mine?

Often even available space is constrained by
underground access, personpower & safety

Vertical access and remote locations create huge
operation overhead

Increasing need for underground R&D for future large
scale experiments!

Knut Dundas Mori | knut.moraa@uzh.chz
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SICIENCE CASE FOR UNBERSROUNPHEAES

LB | I LA B I LA B lj LA B I LA B A | l LI B A I LI A B I L A B
L.ow energy 51gna.ls are very challenging: 495 5o B key,
Single quantum signals - e kev, " el
4 00: | o« ‘-'&'3." ':(J". .;:". > XA
. . . . — * - b, Bt R 2" e
Accidentials: dominant background - SRR L L, " e $ B s
= «* e8 H é S 0L s o > oo
— - * un 2 ~ : O S L L e
. [ | - . ..'... . A“ ﬂ‘... .0...’ oo N0 .
S1s and S2s mostly from a large variety % 3.75 AT é%ﬁi oy N
of instrumental effects, e.g. "y AW T e :
a1 3.50F .'t'}. .o .:. e
L f ?a‘»" ’
PMT dark counts = o All Data
ED 3.25 .
Charge loss near walls - |
3.00F |
Grid emissions - )
2.75 ; U0 ARGV e 2.8 keV, 5.0 keV 7.2 keV
€o s> [ 3 ked 15 kel 25 kel 39 ked
Photon/electron ‘trains’ after large | N T T I e T e
energy deposits 0 10 | 20 30 40 50 60 70 8
S1c [phd]
Can only be understood and improved

. Low Mass DM Search
upon underground!— not just the

actually science search but the R&D
needed to develop and understand
detectors

Knut Dundas Mori | knut.moraa@uzh.chz 9
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JENICE €/ASE FOR UINBERCIKCIINIPIEARSS

102 T T T T T 3
Low Energy Excess —— CRESST-III DetA 3-38 eV Bin 38-85 eV Bin 85+ eV Bin ]
—— EDELWEISS RED20 ]
——— MINER Sapphire
—— NUCLEUS l1g prototype
SuperCDMS CPD

—
S
©

1 — — —1— -

—
S
Q

105 4

10° 4

Event Rate (Counts / kg / day / keV)
Counts/(eV s)

_
<
.

i e W e st

0.25 0. 75 1 00 1 25
Total energy deposition (keV)

0 20 40 60 80 100 120 1;10

Low energy excess backgrounds (LEE) at O(eV) in
many experiments, varying by material and detector

Origin ist likely vibrations, but also probably some
other components
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JENICE €/ASE FOR UINBERCIKCIINIPIEARSS

10—28 -

. QROCODILE (2025)

10—31 4

A
)
m

WTESSERACT

‘ ”:‘5025)

10—34 i
\ .:i 'L‘ ‘
XENON1T %
(2019) 112023,
10—37 p (M|gda|l) =

10—40 4

WIMP-nucleon cross-section [cm?]

10—43 N

1046 1

10-49 r
1072 107! 10° 10!
WIMP Mass [GeV/c?]

103

Strain [1/vVHZ]

1023

10724

10'25 -

Cosmic Explorer (expected R&D improvements)
) ) |} Joaafae o dafad | 1 L1 LR

=== Quantum

= Seismic

=== Newtonian

=== Suspension Thermal

=== Coating Brownian d
Coating Thermo-optic
Substrate Brownian
Excess Gas

<L : : == Total noise

102 10°
Frequency [Hz]

There’s some analogy here between two different fields exploring the precision frontier

Require most quiet enivoronment to start understanding novel processes (‘table top experiments’) and to prepare

for large experiments
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CSRAVIINE GRAPRIENIF RIENECIOIX

2 Cosmic Explorer (expected R&D improvements)
Infrasound 10 T T T
“ = Quantum
. = Seismic
- === Newtonian
Molecules

=== Suspension Thermal

=== Coating Brownian d
Coating Thermo-optic
Substrate Brownian
Excess Gas

== Total noise

-

o

'
N
w

DU LU L0 K

\

\

A8S

i i i P | i i
101 102 103 arxiv:1607.08697

Frequency [Hz]

Gravitational coupling is an unshielded environmental noise

Underground has less activity and thus reduces gravity gradient noise (GGN) As K M ARC E L L E ABO U T

GGN is a major noise source for laser interferometry at low frequencies

Will be limiting noise source for next generation GW detectors. T H Is N EXT WE E KI
°
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& UNDERGROUND
' PHYSICS
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BEDREINGILAB

Bedretto Underground Laboratory for Fundamental Physics
Lab, or Bedretto Lab Physics (BLP), is a planned research

infrastructure in Switzerland.

It will be one the deepest labs in the world, most-vibration free
& custom built, reachable by public transport right here!

BLP’s scientific program includes dark matter searches,
neutrino physics, and R&D for future gravitational-wave

detectors and quantum sensing

Jointly proposed by:

UHZ: Penning, Baudis, Soares-Snatos

UniGe: Sanchez, Schramm
UniBe: Weber, Tuflani

ETHZ: Crivelli, Wiemer
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BEDIREIEC) LA

Basel

@ 5.2km long, connecting the Furka train
tunnel to the Bedretto valley 1’000 - $Mont Tery
1’600 m overburden —

© Three large caverns, 6 m wide and
50-100 m long

Geneva

® Seismically very quiet

© Remote area but excellent accessibility

Pizzo Rotondo

“ Two tunnel exits — safety!

Gerenglacier

¢ Very good cooperation with the
Matterhorn-Gotthard-Bahn

(Bedretto)
\ Lab /

the two testbeds Connection to
of the BedrettoLab the Furka Tunnel

0 1 2 3 4 5km

ZBET JOPIAUYIS Pun JOiox Jae

Knut Dundas Mori | knut.moraa@uzh.chz 9 5

Slide gratefully stolen from Bjorn Penning


mailto:knut.moraa@uzh.ch

BEDREINGILAB

1973: Built as a side tunnel of the Furka base
tunnel, as a possible train connection between
Ticino and Valais

1983: Abandoned after completion of the Furka
railroad, partly blocked by rockfall

2000: First mapping and research

2012: Partial reconditioning for Furka
ventilation, enabling access to the full tunnel

2018: The tunnel is selected by ETH to host the
BedrettoLab, scaling up experiments from
Grimsel,

May 2019: Inauguration of the BedrettoLab

2020: Experiments in Geothermal energies
started

2024: Experiments in Earthquake Physics
started

2025: Experiments in Astroparticle Physics
started

Knut Dundas Mori | knut.moraa@uzh.chz 96
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BEDIREIEC) LA

Ny
]

-Bedretto S
Lab
,:,i'\', .

“ Lots of existing activities: oy
® Interdisciplinary Rock characterization

® Earthquake measurements/research

© FEAR - Fault Activation & Earthquake Rupture
@ Seismic real time monitoring

® Deep Life Monitoring

™ 1405
Ao
1490 AE GMUG-7-200 (SV-SpW)
P vt ey B o
ves | : e
E o] 3 et gres 12380 Entrance Bedretto tunnel
e
. Rl e— )
f‘m e oo ¥ ¢ Bedretto tunnel
4 " - ) 3 :
e 3 [ o .
o5~ =0 o : Installed seismic station
oo
s - Planned seismic station
4 -230
240
= =0 T S IV R N 7
- = 20 Esstngim) Z Gy ey ’rﬁ, s %
o 7 ik o o
Northing [m] 20 &9 200
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BEDREINGILAB
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BEDREINGILAB
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BEDREINGILAB
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BEDIREIEC) LA

¢ Comparably fast and easy excavations
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ACINGROUNIPDHINEASUIRENIENTS

Performed a comprehensive set of background measurements
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B/ACIKCIROUIN B WAEASUIRENMIENTS

e We measured all relevant backgrounds:
o Muons, gamma, radon, EMI, vibrations

e Summarized in a paper that we recently submitted

o https://arxiv.org/abs/2512.14815

e The existing seismic instrumentation and understanding is

actually supporting our measurements

o Seismic vetoes, add Rn monitoring etc

Slide gratefully stolen
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Characterisation of the Bedretto Underground Site for
Fundamental Physics Experiments
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the date of receipt and should be i d later

Abstract Underground laboratories provide the ultra-
low background and low-vibration environments essen-
tial for rare-event searches, gravitational-wave detec-
tion, and quantum-sensing technologies. We report a
comprehensive environmental characterisation of the Be-
dretto tunnel in Ticino, Switzerland, a site offering hor-
izontal access, excellent infrastructure, and the poten-
tial to be Europe’s second-d and un-
derground laboratory. At the prospectwe physu site,
located beneath an overburden exceeding 1400 m, we
measure the cosmic-muon, y-ray, and neutron fluxes,
as well as the radon concentration, magnetic-field spec-
trum, and seismic backgrounds. The muon flux is sup-
pressed by six orders of magnitude relative to the sur-
face, consistent with an effective depth of about 4000
metre water equivalent, gamma-ray and neutron mea-
surements reflect the local geology and guide shielding
requirements for future particle and nuclear physics ex-
periments. Magnetic and seismic noise levels are found
to be exceptionally low, meeting or exceeding the crite-
ria for next-generation atom-interferometric gravitational-
wave detectors. These results establish the site as a
*e-mail: bjoern.penning@uzh.ch

be-mail: florian. joerg@physik.uzh.ch

“e-mail: alexander.kavner@physik.uzh.ch

highly competitive, accessible deep-underground loca-
tion for fundamental-physics experiments.

Keywords underground laboratory, gravitational
waves, dark matter, rare event searches, radiopurity,
radio assay. atom interferometry, neutrinoless double
beta decay

1 Introduction

Underground laboratories provide uniquely background-
free envi s and are indisp ble tools to under-
stand fund al ph p The massive rock
overburden shields effectively even from the highest en-
ergetic cosmic rays, they are seismically very quiet since
most vibrations travel at the surface and are attenuated
quickly at depth, and Newtonian noise is reduced by the
very large mass of rock sur ding the laboratory. Ex-
amples of underground experiments include rare-event
searches such as the search for dark matter and neu-
trinoless double beta decay, rare-decay nuclear physics
low-back d material assay, environ-
mental monitoring, and optimal sensitivity and stabil-
ity of quantum sensors. Furthermore, the stable. low-
background, and low-vibration environment offered by
underground locations is highly beneficial for gravita-
tional wave detection. Several major deep underground
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ACINGROUNIPDHINEASUIRENIENTS
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® Fast and slow neutron flux at TM3500 of 5.6x10-5 = 0.3 n/cm2/s

© Measured w and w/o moderator and comparing to simulations
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EACINCGROUNPINAEASUINENIENTS

Measured gamma activity
along Bedretto tunnel, at
TM3500 and for rock using
different detectors

Intended lab location is
actually very serendipitous

Slide gratefully stolen from Bjérn Penning
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Radon Measurment align tunnel, blasting & outside
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Measured magnetic power spectra with clear peaks

identifiable

Can identify components from human interactions, train
power line and AC power line in Bedretto

Day/night difference & 16.7 Hz peaks/waterfall plot
correspond to
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Measured magnetic power spectra with clear peaks

identifiable

Can identify components from human interactions, train
power line and AC power line in Bedretto

Day/night difference & 16.7 Hz peaks/waterfall plot
correspond to train schedule
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® BedrettoLab will be
one of the deepest
and most quiet
fundamental physics
underground labs

Muon Flux [u/s/cm?]
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MANYIDETECTORTECRNOLOGIESAREMOTIVATEDIBYADESIRETIOGOMRUENENT
AENONDETEGTORS

T-Sensor

Acoustic

Skipper read out stage
: : : Sensor

voltmeter

ures except SENSEI from: Marc Schumann. “Direct Detection of

P Dark Matter: Concepts and Status”. In: J. Phys. G 46.10 (2019), p.
103003 doi: 101088/1361- 6471/ab2ea5
SENSEI illustration from https://sensei-skipper.github.io/#SkipperCCD
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SINGLE-PHASE

NEWS-G uses a spherical volume
filled with a target gas (H, He, Ne)
and a very strong electric field to
read out events

10’

The very strong field near the
central sensor/electrode causes a
strong amplification of the signal

10°

Being able to search for electron-
only events makes them, in
principle, better optimised for

ionization-only studies than the
two—phase TPCs doi: 10.1016/j.nima.2019.162390

10°

Good limits on spin-dependent '
interactions

The Search For Low Mass

Dark Matter With NEWS-G, Guillaume Giroux, presentation at IDM2026

7
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BUBBLE
CHAMBERS

The PICO (PICASSO+COUPP)
series of experiments use
supercritical fluid bubble
chambers to detect nuclear recoil
heat depositions

Electronic recoils produce less
dense energy depositions, and do
not form bubbles— intrinsic NR/
ER discrimination

Observables: images of bubbles,
and the sound as the bubble bursts

neutrons can be distinguished
by multiple tracks or spatially
Alpha bubbles are louder— 99+ R S,
% discrimination

F. Aubin et al. Discrimination of nuclear recoils from alpha

~ 3keV energy thresholds in D008 G 101088 1567 s6s0R0HOOS0 > OO

science mode, lower thresholds of

1.2 £ 0.08keV can be achieved if C. Amole et al. Dark Matter Search Results from the

you accept some ER leakage s B s ODf,tPOeO}(Dzlg(())z_2680%5?)%%%%
10.1103/PhysRevD.100.022001.
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C. Amole et al. Dark Matter Search Results from the Plot from Dark Matter Limit Plotter (Sep 12
Complete Exposure of the PICO- 60 CsFsBubble 2022

Chamber. h% Rev. D, 100(2):022001, 2019. doi: https://supercdms.slac.stanford.edu/dark-
B B B 10.1103/Phys evD100.022001. matter-limit-plotter by Tarek Saab et a

CHAMBERS

Fluorine is a particularly good
target for searches for spin-
dependent WIMP-nucleon
interactions, and PICO produces
leading limits here (model
dependence determines if collider
bounds are even better)

—
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10—38 L
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Several nuclei can be used—
can probe the nature of the

Dark Matter-nucleon gsp [cm?]
o
5

Dark Matter-nucleon ggp_ [pb]

WIMP-nucleon coupling 10~#

Previous PICO generations 10-46 | il -

(PICO-60) had the target hung 1 10 100 1000

under the bellows, PICO-40, in Dark Matter Mass [GeV/c?]

preparation for PICO-500 is T (o [ — o

€«€_.e° . 99 utl . Nl ———  Atlas, 2017

right side up collider and direct ° L

detection bounds like this  Cousta 016 unZpeoy

PICO-40L is commissioning, with involves some model

a particular focus on background dependence.

reduction, PICO-500 under B

construction S

Knut Dundas Mori | knut.moraa@uzh.ch 3 ﬂ 2


mailto:knut.moraa@uzh.ch
https://supercdms.slac.stanford.edu/dark-matter-limit-plotter
https://supercdms.slac.stanford.edu/dark-matter-limit-plotter

ARGON
DETECTORS

Argon shares many of the positive
properties of xenon, but is lighter

Lower scintillation wavelength,
A =128nm

Scintillation time structure
allows the detector to resolve
electronic recoils and electronic
recoils from pulse shape alone

Darkside-20K aims to achieve a
nearly background-free

(Hpkg < < 1) 100 tonne-year
exposure

20 tonne fiducial volume

(surface background observed
with Darkside-50)

Underground argon will reduce
the*Ar background, but
projections still assume an ER-
limited threshold of 30 keV

C. E. Aalseth et al. DarkSide-20k: A 20 tonne two-phase LAr TPC for

direct dark matter detection at LNGS. Eur. Phys. J. Plus, 133:131, 2018. doi:
10.1140/epjp/i2018-11973-4.
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LZ, 2022, 330 t-day

XENONIT, 2017, 1 t-yr

DarkSide-50, 2018 ] 1 O

DEAP-3600 (231 days, 2019)

LZ expected sensitivity 1 0_6

XENONNT 20ty expected sensitivity

DARWIN 200ty expected sensitivity

DarkSide-20k, 200 Ton-yez

parkSide -50

1000 10°

Dark Matter Mass [GeV/c?]

Steel shell neck
(Outer neck)

A

Filler blocks

,10—12

Acrylic flow guides

48 Muon
veto PMTs

Steel shell

3600 kg
liquid argon

behind
er bl

Dark Matter-nucleon dg [pb]
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PULSE SHAPE o
% -0.05 ‘l
g L, |
DISCRIMINATIO £ 2!\ Prompt:0-60ns
£ | Late: 60ns-10ps
-0.2
Unlike in xenon, where the two - 1 |
excimer states decay too fast to be ‘ T
distinguished, Ar has two well- B a "'F el ha Al
separated excimers: |- o) 1
> |
The singlet state, preferentially s " I
excited by nuclear recoils decay - L i |
in 8 ns i ’ 1
0 1000 2000 3000 4000 5000
Time [ns]
The triplet state, preferentially
excited by electronic recoils,
take 1400 ns + Fprompt qPE
$— Lrecoil gPE
—— Fprompt nSc
This allows exquisite ER-NR —4— Lrecail nSc

discrimination; 50% of NRs have
10719 of the ERs

However, this only works with
S1s large enough to see the pulse
shape

P. Adhikari et al. Pulse-shape discrimination against
Iow-energy Ar-39 beta de- cays in I|qU|d argon with 4.5
tonne-years of DEAP-3600 data. Eur. 5y
81(9):823, 2021. doi: 10:1140/ep jc/s10052- 021 09514-w.

0.1 02 03 04 05 06 07 08 0.9
NRA

DEAP-3600 updates, new
Physms results and prospects

or exotic DM searches @
Guillermo Vera Diaz IDM 2026 Knut Dundas Mori | knut.moraa@uzh.ch@ﬂA
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DEAP-3600

Located at SNOLAB, with 255
PMTs surrounding the 3.3t argon
target

And shielded by a muon veto
water tank

75% area covered in photosensors,
32 % quantum efficiency PMTs
Scintillation light is mismatched
to PMTs— wavelength shifters

used to make it observable

No field— all energy goes into
scintillation

DEAP-3600 updates, new
]physics results and prospects

or exotic DM searches
Guillermo Vera Diaz IDM 2026

Glove box

Central support assembly
(Deck elevation)

Steel shell neck
(Outer neck)

Inner neck (green)
Vacuum jacketed neck (orange)

Cooling coil

Acrylic flow guides

48 Muon
/_ veto PMTs
255 PMTs
& light guides

Acrylic vessel
Steel shell
3600 kg

liquid argon
Filler blocks

Foam blocks behind
PMTs and filler blocks

Bottom spring support
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Neutron calibration data

°a 1.0 T T T T T T T T 7] —_
209 [ : i S
h g ] 10" =
0.8 4 5
0.7 F : By
. ° ° 0'6 :- O
The analysis space is fraction of 05 =
i ; 25
light early/late 0.4 | 10 5
03 F o)
and fiducialisation is possible— 0.2 F 10 3
. - c
resolution of ca. 5 cm 0.1f 3
b i i i i i ! i 4 i O
0056700 150 200 250 300 350 400 450 500

HOWCVCI’, DEAP has had Photoelectrons detected
challenges with alpha-particles
which make more light, which
leak in from the “neck” of the
detector

Machine learning methods was
able to tag many alphas

E
E
Now, surfaces in the neck are 8
- L -0.2
coated with wavelength S
shifting material to make the
events more distinctive .
-0 .8
Many alphas from dust in the _1
detector! %0 0102 0.3 04 05 06 0.7 0.8 09 1.

(" +y2)/(850 mm)’

DEAP-3600 updates, new
hysics results and prospects

or exotic DM searches @
Guillermo Vera Diaz IDM 2026 Knut Dundas Mori | knut.moraa@uzh.chgﬂ 6
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Fprompl

DEAP-3600

Nows / 1 PE/0.01 F
Bkg expectation of 111.1 in ROI

The alphas dominate the
background budget of DEAPs

current run

100 200 250 300 °
Photoelectrons Detected
Hardware upgrades for filtration T e Banie oo
will reduce this significantly ~ (bkg-only) (sig+bkg)
Radiogenic n o R 1. 1,2t
o e Surface a (33 0.0+31 u.0t8
but the current limits are already ‘ “ . iy ot
h £ A Shadowed « 15.27;53 183755 16.5 ¢
the strongest trom Ar Dust a T R T R
. Total Bkg GBUIT ] 11110 EE BLTTS
Still ca. two orders of M, =1TeV/& - = 32.07237
magnitude less restrictive than
Xenon —  Previous observed limit in 231 live-days [PRD 100, 022004 (2019)]
1072 Median limit in 791 five-days

Median limit (791 live-days) + 1o quantile band
: Median expected limit (791 live-days) + 26 quantile band
----------- Observed limit in the 361 live-day open dataset

Observed limit in 791 live-days
1 0743

S| WIMP-Nucleon Cross Section [cm?]

<
1
S

107%

107 10° 10*
WIMP Mass [GeV/c?]

DEAP-3600 updates, new
]physics results and prospects

or exotic DM searches o
Guillermo Vera Diaz IDM 2026 Knut Dundas Mori | knut.moraa@uzh.chgﬂ 7
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DARKSIDE

© Darkside aims to operate a
massive (50 tonne!) two-phase
TPC using argon

@ so they’ll have S1,S2 _and_ pulse
shape

® Two main science cases:

® Lower-mass WIMPs, using the
fact that Ar is better
kinematically matched

® Heavy WIMP searches

® Argon is cheap(ish) — so even
their outer veto will use 650
tonnes of the stuff!

¢ Simplifies cooling a bit— the
entire muon veto + inner veto +
TPC are kept at the same
temperature

ProtoDUNE-like
Membrane Cryostat >

Atmospheric Argon Outer Veto
~650 tons

Stainless Steel Vessel

Underground Argon Inner Veto
~32 tons

Underground Argon TPC
~51 tons

DarkSide-20k consists of
three nested detectors:

¢ The f
which is filled with AAr
and designed to catch
cosmogenic neutrons
by detecting the primary
muon

T T
.

1l P

The ;
which uses UAr to tag
radiogenic neutrons by
; detecting gammas from
o their capture

*  The Dual-Phase UAr TPC

90% CL exclusion

-l Ar v-fog

[EPJ C 78 256 2018]
[PRL127 251802 2021]

=3 Complex WIMP [EPJ C 8 992 2022]

XENONnT 90% CL arXiv:2502.18005 (2025)

PandaX-4T 90% CL PRL 134.011805 (2025)

Lz 90% CL arXiv:2410.17036 (2024)
DS-20k 1 live-yr FID (20 t yr)
++ DS-20k 1 live-yr EXT (46 t yr)
==: DS-20k 10 live-yr FID (200 t yr)
= DS-20k 10 live-yr EXT (460 t yr)

10! 102

My [Tev/c?]
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DARKSIDE

R&D + construction is ongoing

Darkside has developed SiPMs
that are radiopure and quiet
enough to be used!

96% occupancy of the optical
plane of 21m*

Cryostat installed at LNGS

Knut Dundas Mori | knut.moraa@uzh.ch@ﬂ 9
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AAr Data at 200 V/ea
(LSV Anti-coinc.)

3IAr — TR

. Yar (Global Pit)

® Argon in the atmosphere has ca.
1Bq/kg of *Ar from cosmogenic
activation (r = 269y)

© It can be removed on the analysis
level from the science search, but

A A l A A A A

“f you have tonnes of it, you’ll " Tooo 2000 3000
have kHz of background events!

A A l A
4000

¢ Pileup and deadtime would
make the experiment
completely impossible

® Darkside will use Ar from
underground sources to mitigate
this

® 1 Hz/tonne is more liveable
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ARIA

“ o go even further, this Darkside
will use a 350 meter tall
distillation column, Aria to
separate the isotopes

Argon distillation with the Aria
project for dark matter searches
Teena Vallivilayil John

Distillation
Column 350
meters

® 10-15 kg/day— extensive work to
get to 50 tonnes!

Eiffel tower
meters

Vapor to
ICondenser
,9 /JI\ Reflux
- M
§ _|'_____| Liquid Overflows
cn |[F---- —_— the Weir
[ | stage -1 .

Stripping
Section +—

Passes through
Holes or Valves
in Trays

Liquid to
Sump
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10-44 .

DARKSIDE

With the underground and
purified Ar, Darkside expects to
reach a similar level of sensitivity
as xenon experiments at higher
masses (Where pulse shape
discrimination works)

90% CL exclusion

10—45 L

10748}

pMSSM11 [EPJ C 78 256 2018]
Ar v-fog [PRL127 251802 2021]
IE3N Complex WIMP [EPJ C 8 992 2022]
Real WIMP [EPJ C 82 1 2022]

XENONNnT 90% CL arXiv:2502.18005 (2025)
PandaX-4T 90% CL PRL 134.011805 (2025)
LZ 90% CL arXiv:2410.17036 (2024)
DS-20k 1 live-yr FID (20 t yr)
++ DS-20k 1 live-yr EXT (46 t yr)
= =: DS-20k 10 live-yr FID (200 t yr)

10"9‘§— I Il —— DS-20k 10 live-yr EXT (460 t yr)
: 107 o e
A second powerful science channel o
for Darkside is (and has been) the
sz_only Channel: glve up lOOklng [Nature Communication Physics| (2024) 7:422]
for an S1, and you reach much R Tyeordatataking | = 520K - 1 year

lower energy thresholds

Analysis uses the S2 shape to
retain some background
discrimination power, and
significant effort can allow you to
attempt to model some or all of

the backgrounds

Electron Recoil Energy [keVe,]

0.13 0.20 0.55 1.10 3.10
T T T T

>
)
k]
%
o
- 10-2
%
o + e !
4
" -
« —
o 103k
~ + DarkSide-50 Data PMTs
> === Fitted Model 85k
g I ZQAI
2 1074 Cryostat
@ 1 I 1 1
0.25F :
0.00f v M i el i S R i O T PSS
-0.25F 1 [ R I 1 | I |
7 10 20 30 50 100 170

Number of Electrons

Dark Matter-Nucleon Og; [cm2

10-45

1ot
10742
10—42;
10~43 ;

10—44 L

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

DS-50 - QF - 2023
PandaX-4T 2023
XENONnT 2023
PandaX-4T 2023
LUX 2021

XENON1T 2021
Pico-60 2019
CDMSlite 2018
LUX 2017
DAMA/LIBRA 2008

Excluded region

LAr Neutrino fog n:

bt B

my [GeV/ c?

Search for low-mass dark matter WIMPs with
12 ton-day exposure of DarkSide-50 220711966
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RECALL ANNUAL

MODULATION —
— Earth
On top of the average dark matter — June‘/
velocity distribution, the WIMP
movement of the Earth yields a wind — /{;ecember
small additional energy boost -y
when Earth is moving with the >

movement of the Sun, into the
dark matter “wind” just around
now (June)!

Two effects: higher rate, and a

higher average energy of the

recoils. Depending on the ener

threshold and the underlying dark

matter velocity distribution, this
is expected to give an amplitude of
~1%

Speed Distribution (arbitrary)

Standard Halo Model
June 1

While this signal will therefore
only be visible in most cases when
you have already seen many dark
matter events, it is a crucial
signature to be able to identify an
excess in a direct detection
experiement with dark matter.

Sgr stream
Dec 29

------ June 30

Mean Inverse Speed (arbitrary)

100 200 300 400 500 600 700
Velocity [km/s|

o
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DAMA

Sodium iodide is a strong
scintillator and the DAMA
detectors observe

5 — 7photoelectrons/keV, with an
analysis threshold around a few
keV

> © o
O £ L
ol @ @ @

Running for 14+ year, DAMA/ S P &

Libra collected an exposure of a § o[ ] 100 N A O R A
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DAMA

Possible explanations have
included:

Leaky PMTs

An analysis artifact of
subtracting the baseline per-

yearly-basis
or changes in the muon flux—
DAMA does not have a muon

veto

Seasonal

Residuals (cpd/kg/keV) Residuals (cpd/kg/keV)
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CHECKING
DAMA

Since DAMA results were
announced, great efforts have been
put into replicating or
investigating DAMA

the excess is incompatible with a
wide range of other experiments
(xenon-phobic dark matter was a

thing)

Extremely high-quality crystals
are also hard to grow, making
exact replication challenging

The SABRE North experiment:

status and prospects, Claudia Tomei, IDM2026

Clean precursors: Nal Powder

powder, Tl dopant drying Doping Clean growth

Cutting & polishing

Zone

solid zone

heating elements (furnaces)

X

molten zone
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CHECKING
DAMA

® A location on the southern
hemisphere would be able to check
seasonality— SABRE south is
being built/commissioning?

© COSINUS aim to have
photon+phonon discrimination
capability

© But other experiments already
have shown incompatiblish
results:

© COSINE + ANAIS

© ANAIS is upgrading to lower
their energy threshold with TESs

>
)
2
~
o
3
<)
-/
=
@)
-E
=
=3
s,
o
>

The SABRE North experiment:
status and prospects, Claudia Tomei, IDM2026
The COSINUS Experiment at LNGS
Commissioning and Start of the first Phase
Mariano Cababie

5 r
[1-6] keV

[2-6] keV

DAMA/LIBRA
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ANAIS-112 6y
Combined 6y
S50
40
30

20
lo

doi: 10103/9j7w-qplc
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COSINE-100

Similar detector as DAMA, in the
Yayang underground laboratory

Equipped with scintillator vetos
in addition to the sodium iodide

crystals

No signiﬁcant excess

Plastic

Scintillator 5-inch Liquid Scintillator
“I i i ‘ Panel PMT

i -

Copper Box
(3cm)

c)

5 > .
Nal(T1)
Gy

Crystal

Lead(20cm)

3-inch PMT

High fluctuations
Noisy events

Pioneering Sub-GeV Dark Matter

Limits with COSINE-100, Won Kyung Kim, IDM2026
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THE NEUTRINO
FLOOR (FOG)

Neutrinos are WIMPs minus that
they’re not a dark matter particle

Neutrinos from a number of
astrophysical sources have high
enough energies that despite their
miniscule masses, they can give
keV-scale recoils in xenon

Coherent scattering exactly
similar to how WIMPs interact

Cannot be shielded, and cause
NRs exactly similar to what we
expect from WIMPs

If they have a different recoil
spectrum, we can distinguish
them,

but some are almost impossible

Depends on target material

Probing the Invisible, Robert Hammann PhD

Thesis, Heidelberg 2025

1012
— L —— Solar pp
'> 1010 | Solar "Be & pep
© Solar 13N & 150
; 108 X —— Solar B
' — Solar hep
wn
& 10°F DSNB
& T ——— Atmospheric
S 104k '
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4-, e
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THE NEUTRINO
FLOOR (FOG)

© Both the definition and the actual
experience of the floor are foggy:

® Is the floor where:

“ You cannot make a 5-sigma
discovery with a perfect 1000
ty experiment?

© where you expect 1 neutrino

event?

where your limits will stagnate
even if you increase the
exposure?

© where your limits are
dominated by neutrino rate
systematics?

© Andasan experiment, you
experience the floor as a softening
of your performance over many
10-100 tonne-years of exposure
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ANIGEDEFINITIONIEROMOHARE:

Gradient of discovery limit, n = —(dIn¢/dIn N) !
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Fog on the horizon: a new definition of the neutrino
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DIRECTIONAL
DM

® One hope of making constraints
below the floor is to have
directional sensitivity:

@ since dark matter has a velocity
component with respect to us,
we can distinguish dark matter
and neutrinos

® Direction: the constellation
Cygnus

Fluorine recoils [8-50 keV,] September 6

b
+ +
s 8

+
g

Galactic latitude,
<

YT
Galactic longitude, I arxiv 2008.12587
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Commissioning and desi n of the cygno-04
detector at LNGS, IDM20

® Typical directional method:
gaseous time projection chamber
with high enough spatial
resolution to reconstruct the track

® Gem (gas electron multiplier—
amplification of the charge track
which is read out by PMTs

T
B 2 TR
) WLy

e TSl

amplification

I
I

9poyind
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Commissioning and desi n of the cygno-04
detector at LNGS, IDM20

® Typical directional method:
gaseous time projection chamber
with high enough spatial
resolution to reconstruct the track

® Gem (gas electron multiplier—
amplification of the charge track
which is read out by PMTs

" 2 :
] 2 TR
: S Wl

e TSl

® 1-atmosphere He+CF4 gas in O(1
cubic meter TPC)

amplification

I
I

9poyjnd
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CYGNO

® Energy and X,Y coordinates read-

out with a high granularity

camera, while PMTs capture more
of the energy as well as gives high-

precision timing.

@ Shielded and operated
underground— allows better
understanding of the detector

backgrounds as the overground

recedes

@ Next step: 30 cubic meters

0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01

Commissioni

ing and desi n of the cygno-04

detector at LNGS, IDM20

- -

E_ —j With AmBe

o -

;_ MC AmBe with a 45°

f_ resolution -
S A i
-100 0 50 100

angle w.r.t. horizontal



mailto:knut.moraa@uzh.ch

First direction sensitive search for
dark matter with a nuclear ;
emulsion detector at a surface site

2310.06265v2

DM: EMULSION

Cygnus
Equatorial telescope Ve

® Another way of gaining . (parallel to x axis)
directional sensitivity is to use pan head
nuclear emulsions— films, which
can be microscopically evaluated

Plastic plate

By mounting on a telescope \ s bse
mount, can ensure that the y
emulsion always has the same face "
towards cygnus Raw mge " Aermage rocesin
§ o ellipticity = 1.55
©® <20 resolution at 60 keV )
@ Made two films, mounted one on g ot

E (keV)

the telescope, and analysed one
immediately after fabrication

3

~——e— WIMPs search (39 days)

® No excess, limits in the
~ 107%m? scale for WIMP-mass
DM

=——s— reference (0 day)

count/ NIT 4.0 mg
3 & 3

3

T | 1 1 e
100 120 140 160 180
phi (degree)



mailto:knut.moraa@uzh.ch

HR - Gypsum; C?% = 10" g/g; 0, =1 nm; M =10 mg; tyge = 1 Gyr

Paleo-Detectors: An
Alternative Approach

to Direct Detection

Dionysios P.

Theodosopoulos IDM 2026 1077 4

o Nuclear recoils can make small
tracks in rocks

®a way to get enormous exposures,
giga-years available

107 4

¢ Requires very extensive analysis
and automated scanning
machinery to make work— so far,
an ambition!

—e— LZ(2023)

Cleave Etch with HF

© DMICA aims for a tonne-year i O

® Very detailed understanding of *
backgrounds and aging will be 2 PIETBm™ & elts over
required for these to make j 3 thickness of 10 nm
discovery in addition to limits _ _

4

Measured
heights
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DIGINATURES ©IF A P/ARK MATTER RECOIE

§l SUPERHEATED IR s iLLATING
S FULIDS B S CRYOGENIC B

3 BOLOMETERS [

- SuperCDMS :
' EDELWEISS -

[HIGH-PURITY |
4 GERMANIUM [

CHARGE-COUPLED [R>S CM e
SN DEVICES [E EOSAMICRN B DUAL-PHASE TPCS ] L COSINE

% SENSEI :
~.. DAMIC .- : XENON

PandaX .
LUX-ZEPLIN

DarkSide ' . DAMA/LIBRA
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