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What 1s dark matter? ‘ ]

Massive objects (primordial black holes)

Modified gravitational theories
New particles (WIMPs, axions ...)

el el
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How can we look for dark matter?

Production at LHC Direct detection Indirect detection

p+p—xx+X xN—=xN XX = 77,44, -
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Dark matter in our galaxy

@ The Milky way is in a 'cloud’
of dark matter

@ Density: 0,3GeV/cm?
(1/3 Proton/cm?3)

For a 100 GeV WIMP
mass: 1 WIMP particle per
coffee cup

@

g

Dark matter halo from the Bolshoi simulation

GE(E )=z [v-f(v.1)- Z(E.v) &
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How can we detect dark matter directly?

Ex ~ O(10keV)

@ Elastic scattering of WIMPs off target nuclei A'
@ The nuclear recoil excites the medium -

— heat, and/or ionization '&’
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Technologies for direct detection

LU DS

BlsuPERHEATED

(CRYOGENIC BOLOMETER
WITH CHARGE READOU

:~, SuperCDMS .
EDELWEISS .-

GERMANIUM
REDETECTORS|KS
B :
(CHARGE-COUPLED |
RO VI CESTIRE

DAMIC
SENSEI

DEX ;
CoGeNT -

Teresa Marrodan Undagoitia

© DarkSide

DAMA/LIBRA Anais

SABRE DM:-Ice
PandaX
XENON

LUX-ZEPLIN "

COSINE

Figure from R. Hammann
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The worldwide search for dark matter

ZEPLIN\a

Canfranc
SNOLAB  ADM
DEAP/CLEAN Anais

SuperCDMS
CoGeNT

South Pole
DM-Ice
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Detector requirements

J. Phys. G: 43 (2016) 1, & arXiv:1509.08767

@ Requirements for a dark W — Ge
matter detector 1o+ — IXe — ﬁ;

» Large detector mass

» Low energy threshold
~ few keV’s

10%

Rate [events /(kg-d-keV)]

» Very low background

10°

» Technology or analysis tools
to discriminate signal and
background

10%

40 . 60 80
Nuclear recoil energy [keV,,]
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Result of a direct detection experiment

— Statistical significance of signal over expected background?

J. Phys. G43 (2016) 1, 013001& arXiv:1509.08767

Cross section

Lower
energy
threshold

Reference
limit ) :
Signal contour

Smaller target
nucleus

Increased
Exposure
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WIMP Mass

@ Positive signal
» Region in o, versus m,

@ Zero signal

» Exclusion of a parameter
region

o Low WIMP masses:
detector threshold matters
o Minimum of the curve:
depends on target nuclei
o High WIMP masses:

exposure matters
e=mxt

Neutrinos and dark matter



Overview of WIMP search results
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Figure from Ciaran O’Hare (2024)
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Liquid xenon as detector

R A REAN
Critical point

' @ Cryogenic liquid typically

Blo7 E
e | LIQUID operated at 2bar and —100°C
810k | e High density: 3g/cm?
o F E

i 1 @ High scintillation and

) Soup Lo . ionization yields

F Triple point E

i 1 @ Scalability
oL GAS i _ _

@ Employed in particle-,

i 1 neutrino-, dark matter- and
10706720 140 160 180 200 220 240 260 280 300 medical physics

Temperature [K]
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Two phase noble-gas TPC

@ Scintillation signal (S1)

@ Charges drift to the liquid-gas surface
@ Proportional signal (S2)

— Electron- /nuclear recoil discrimination

Gamma
200
amma
8
uj 100 s1 drift time
o
50 —
0 |
0 20 60 100 120
time [usec]
200
150 WIMP (here neutron)
5 s2
uj 1% drift time
. . ) - S
Position resolution to define the o —
innermost radiopure volume for 0 L
analysis ] 20 80 100 120
time [usec]
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Signal and background regions based on S1 & S2

104 T T T T
Electronic Recoil (ER)
=)
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Nuclear Recoil (NR)
102 ' | 1 1
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cS1 [PE]
Figure from XENON1T data

@ ER: background region
— calibrated using a ?°Rn source (3-decays of 212Pb)

@ NR: WIMPs and neutrons
— calibrated using a neutron source
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XENON collaboration

3

AMERICA

EUROPE

Experiment operated by 30 institutes worldwide
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XENON collaboration

Collaboration meeting — LAquila, March 2024
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The last 20 years ...

XENON Experiments

XENON dark matter direct detection experiments
at Laboratori Nazionali del Gran Sasso (LNGS)

XENON100 XENONI1T XENONNT

2016 - 2019 Future

& [ - ;

Slide from A. Elykov
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Underground location

@ Located @ Laboratori
Nazionali del Gran
Sasso (ltaly)

@ Shielding from cosmic
radiation: below
3650 m.w.e.

(~ 1.5km rock)
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XENON underground

XENONNT water tank and building @LNGS, location underground
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Backgrounds and reduction strategies

Cosmogenic

@ Cosmogenic backgrounds

» Cosmic muons and
muon-induced neutrons

— Go underground!

+ Neutrinos

@ Radiogenic backgrounds

» Neutrons from («, n) and
from fission reactions

» External s

— Screening, shielding,
cleaning & vetos

Radiogenic

@ Internal backgrounds
» e.g. Radon

Scheme from R. Hammann
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Recent results from XENONNT - SR1

@ Total exposure: 3.1txy

@ Fully blinded analysis

@ No excess of events over

background observed

@ Combined SR0 and SR1

Teresa Marrodan Undagoitia
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Figure from arXiv:2502.18005 (2025)



Recent results from XENONNT

= XENONRNT (this work)
—— XENONRT 2023
——LZ 2023

—— PandaX-4T 2025
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Figure from arXiv:2502.18005 (2025)
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Continuously improving the sensitivity to WIMPs
104
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@ No evidence of dark matter yet — constrains on the WIMP-nucleon o
@ More data from XENONNT is being analyzed
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Signal and background regions based on S1 & S2

104 T T T T

Electronic Recoil (ER)

1031

cS2;, [PE]

Nuclear Recoil (NR)

1
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Figure from XENON1T data

102

@ NR: search region for WIMPs

@ ER: background dominated region
— Very good knowledge of the background composition
— Allows to search for candidates that interact with e~s



Selecting cleanest materials

104 T T T T

@ Majority of the
background (blue)

Electronic Recoil (ER)

from radon
) .
B — Radon is emanated
8 from all detector
o

materials

Nuclear Recoil (NR)

. 1
0 20 40 60 80 100
cS1 [PE]

102

@ Measurement of the
radon emanation
» Automatized apparatus

» Measurement with
ultra-sensitive proportional
gas counters

Radon separation infrastructure
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Measuring smallest concentrations

@ 85Kris a background source
@ Kr-removal via distillation

@ Sensitivity of the device:
6 ppg "Kr in Xe
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XENONNT electronic-recoil science data

Events/(t-y-keV)

— B, __ 2upp . 136Xe _ 12xe __ Slmgp

I Data $Kr Solar v Materials — *Xe
50
40 I
30 I
20 I I [/

_—
I S
10 _—
A

80
Energy [keV]

60

1 1
100 120

@ Spectrum still dominated by 2'“Pb at low energies

@ Data described very nicely by the background model
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Constrains on dark matter candidates
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10
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XENONNT, PRL 129 (2022) 161805 & arXiv:2207.11330

@ Best limits on axion-like DM particles and hidden photons
(monoenergetic signal model)

—» No limit around 40 keV due to an unconstrained 837Kr background

inos and dark matter
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Limits and limits .... Only limits?
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The longest half-life ever measured directly

Electron capture Neutrino emission

Simultaneous capture
of two electrons & two
neutrinos emitted

J— BD — 214Pb . 136Xe — 124Xe — SSmKr
I Data SKr Solar v Materials — '*Xe
50

40

2

% 30f

o

=

2

=)

[}

>

m

60 80 100 120 140
Energy [keV]

@ Above 40keV, 2nd order weak processes dominate:
» Double electron capture 2vECEC of '#*Xe (1, = 1.18 x 10%2y)
— the longest half-life ever measured directly

» Double beta decay 2137 of '*“Xe (t,, = 2.23 x 102'y)
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Neutrinos appearing in the horizon ...

1
i
J

V

(I
ey

Neutrinos Neutrinos Neutrinos from Neutrino physics
from the Sun from Supernova the atmosphere without neutrinos™

* Neutrinoless double beta decay
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Solar neutrinos

@ pp- and 'Be-v's make 98% of solar neutrino flux

@ Borexino has measured pp -flux with 9.5% precision

@ "Be, pep and °B measured by Borexino

» v-electron elastic scattering

v+e —v+e

» Usually, the recoiling e~ is recorded

"Be [+6%)

1

pep [£1%]

pp chain

P pep-v

CNO cycle

|p$p~)2H+e‘+ve| [p+e‘+p—v?H+vE|

[c+poron+y ]
i

99.6% 0.4%
2H +p - 3He +y

85% Zx105% pep,,

5% |
|3He+“Hs—»‘He+2p| |5Hs+p~>‘He+e‘M/E|

8B [+12%)]

BN BC+et+

BC+p o Nty

15%
He + *He — "Be + 7
7By 99.87% 0.13%

pp-l

hep [£30%] |7Es+s'—>7u+vu| |7Es+p—»’B+Y |
T

| “N+p—>10+y H"o +p—r“N+‘He|

50 5 BN+ et + TF 570 +et+

Il L]
[®N+poHe+2g] [0+p— TF 4y |

[ ’L\+p'~»2‘Ha o6 B> Be e+ v,|
1

1

Neutrino energy (MeV)
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Low v cross-section — huge detectors!

ot e 23

, Swerkamivande ey XENONDT: The Smallest

Borexino
(270t)

Scheme from R. Hammann
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How is a search possible in the 'tiny’ XENONNT?

@ Coherent Elastic v-Nucleus Scattering — CEvNS process

» Nuclear recoil of 8B-’s — like the WIMP
» Coherent — much higher cross section!

+ Lowering the energy threshold of the detector

10° — 8
—— hep
—— DSNB

1014 —— Atmospheric
=== WIMP (6 GeV)

----- WIMP (100 GeV)

10-14

10734

dR/dE [ (tonne - year - keV,,) ™1 ]

107° T T >
107! 10° 10! 102

Recoil Energy [keV,/]
Figure from Xiang et al., Phys. Rev. D 108 (2023) 022007
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CEvNS from solar neutrinos in the XENON data

EENER N Wall EEEAC W WIMP 8B CEvNS

104:-

103

cS2 [PE]

[

102 1 1 1 1
0 20 40 60 80 100
cS1 [PE]

Scheme of signal and background regions in XENONNT (see XENONNT, arXiv:2408.02877)
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Lower threshold — more accidental coincidences

@ Required 2 hits in the PMTs (instead of 3)
@ Modelling of accidental coincidences mandatory

"Isolated” S1 Not detected

I N . @ Isolated S1 from a regions

b with no field
"Isolated” S2
Not detected @ [solated S2s from artefacts
in the detector

g “"‘“ — Combined randomly and
Reconstructed : fulfilling randomly other
ACevent ; selection criteria
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Measurement of 8B neutrinos over CEvNS

@ Expected bg: 26, expected signal: 12 — Observed: 37 events
@ First measurement (2.7 o) of CEvNS in xenon
@ First measurement of B solar neutrinos in CEvNS

Figure by Kate Scholberg

10°g
3Q 10 g /,«-'/; g T 1€
e _——  1Ge
= 10 L ., /r """
s E 7 Ar T
s E —— Yo
2 E e
I F Na /Ge
2] 1 —
a E -
3 E e Ar //_,_.‘,.—»;“
S C e
B0k '}:’/
g E v § COHERENT
1 F /. XENON
%102 /;I/ —— 7DAR, FF=1 R
x E — 7DAR PANDAX
E H —— Solar ¥ CONUS+ (Ge)
10° =/ — Reactor v CONNEE (5)
0 10 20 30 40 50 60 70 80 90

Neutron number

— Start of a new era: DM detectors as multipurpose observatories



Solar pp-neutrinos

— B(] B 214Pb o ISGXe — 124Xe — BBmKr
i Data 85Kr Solar v Materials — '*Xe
50

'S
o

Events/(t-y-keV)
w
(=]

0 20 40 60 80 100 120 140

Energy [keV]

XENONNT, PRL 129 (2022) 161805 & arXiv:2207.11330

Solar neutrinos are about a factor of 2 below the 2#'Pb background

— Radon reduction necessary to measure them
+ Good constrains on the Rn and Kr rates
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Lowering the radon level in XENONNT

/
—No RRS K
GXe — only RRS GXe + LXe RRS

T
B0
= (3.62 + 0.07 stat. = 0.17 sys.) pBqkg™!
= g
i H
g = 3
=] = o
< 5 <
£ % 2
g 2 i
g 8 =]
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= >
ES) 2 . =
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hs] £ bt i }‘ @
: !“M!ﬂl”“g ”!“ H!l 1““ Hmﬂ o
E E t iy i i 'E
B z
7 / %
X 7 / 15
g 25 . - L4 X<
I d . . ) R . 2 .
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2021 2021 2021 2021 2021 2022 2022 2022 2022

Radon distillation in gaseous and liquid mode in SR1
— Factor 2 further reduction achieved!
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Multi-physics goals in large liquid xenon detectors

XLZD
Neutrinoless (XENON-LZ- DARWI N)
double beta decay
Dark Matter
Supernova
neutrinos
Rare processes
e.g. DEC
Solar neutrinos

Solar axions

LXe TPC Coherent
neutrino-nucleus

Neutrino .
scattering

magnetic moment

Multiple additional physics channels
enable by a large mass, a low energy

threshold and a low background 80t LXe (60t in the target)
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