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What is the Dark Matter?
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Ultra-light DM Light DM WIMP Composite DM PBHs

QCD axion

bosonic fields dark sector Q-balls, dark atoms, 
dark mesons etc

Structures on the scale 
of dwarf galaxies can 

form: λ =
2π
mv

∼ kpc
Weak scale dark matter 

(still alive)

How does it interact?



Direct Dark Matter Detection

๏Observe DM collisions with 
nuclei (NRs) or with electrons in 
the atomic shell (ERs) 

๏Look for absorption of light 
bosons via e.g., the axio-
electric effect

e-

e-

�
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Towards the Neutrino Fog
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LB and Stefano Profumo, PDG 2024

Laura Baudis, UZH:: Direct dark matter detection with LXe TPCs



Why Liquid Xenon Detectors?
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๏Scalable  large target masses 

๏Readily purified  ultra-low backgrounds 

๏High density  self-shielding 

๏SI and SD (129Xe, 131Xe) interactions 

๏Other science opportunities 

๏ second order weak decays:  

๏ 124Xe, 126Xe, 134Xe, 136Xe 

๏ solar and supernova neutrinos

⇒

⇒

⇒

Laura Baudis, UZH: Probing Dark Matter with Liquid Xenon Detectors

๏ Leading WIMP sensitivity since ~2007

XLZD 



Why Liquid Xenon Detectors?
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Liquid xenon

Liquid argon

Bolometers

HPGe crystals

Upper limits on the DM-nucleon cross section for a 50 GeV WIMP

Time

Laura Baudis, UZH: Probing Dark Matter with Liquid Xenon Detectors

๏ Leading WIMP sensitivity since ~2007



Two-phase Xenon TPCs
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๏ Observe light (S1) and charge 
signals (S2) when particles 
interacts in the dense liquid  

๏ 3D position reconstruction 

๏ Energy reconstruction 

๏ Particle discrimination: ratio 
of charge/light (ERs vs. NRs)

e–
e–

e–

liquid

gas

HV

HV
time

drift time 
(depth)

S1

S2

⃗E
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�LXe = 175 nm

5D detectors: (x,y,z,E,t)

Laura Baudis, UZH: Probing Dark Matter with Liquid Xenon Detectors

LB, Phil. Trans. R. Soc. A382 (2023), 0083



Electronic and Nuclear Recoils

Excitation

Ionisation

e-

Light  
signal, h𝜈

Heat

Charge 
signal

Elastic nuclear 
scattering

Electronic 
recoils

Nuclear  
recoils

Recombination
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LB, Phil. Trans. R. Soc. A382 (2023), 0083



Particle Discrimination 
๏ S1-S2-ratio: type of particle (dE/dx), different for ERs and NRs 

๏ Discrimination power: interplay between drift field and total S1 light collection 

๏ Typically: (99.5 - 99.99)% ER rejection at ~50% NR acceptance

electronic recoils 

nuclear recoils 

S2

S1

time

S1
S2

ER: Tritium data

NR: DD neutron data

9

LUX-ZEPLIN, PRL 131, 2023

Laura Baudis, UZH: Probing Dark Matter with Liquid Xenon Detectors



LXe Dark Matter Searches
DM

e- ER

DM-e- scattering 
DM absorption

Migdal effect: NR 
signal with ER 

character

Ionisation-only 
searches

Use the Sun for 
a velocity boost

10

DM

SM

SM

DM

DM

DM

e-

+-

Xe

Laura Baudis, UZH:: Probing Dark Matter with Liquid Xenon Detectors

NRs

e-



Interaction Rates: DM-Nucleus

Spin-independent
Spin-dependent

R ⇠ 0.13
events

kg year


A

100
⇥ �WN

10�38 cm2
⇥ hvi

220 km s�1
⇥ ⇢0

0.3GeVcm�3

�

B.S. Hu et al, PRL 128, 2022
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Si

MWIMP = 100 GeV

σWn=1×10-47 cm2Xe

Ge
Ar
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Interaction Rates: DM-Electron

12

dRion

d lnER
=

6.2

A

⇣ ⇢0
0.4GeV cm�3

⌘⇣ �e

10�40cm2

⌘✓
10MeV

mDM

◆
⇥ dh�ionvi/d lnER

10�3�e

events

kg d
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FDM = 1
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Heavy dark photon A’ mediator Ultra-light dark photon A’ mediator

Number of events for a 1-tonne-year exposure in LXe (500 MeV DM)

show the expected daily modulation of the signal rate due to
the Earth’s rotation.

1. Theoretical rates

We first quote additional formulas that are required for
the rate calculation (see also [2,5]). The velocity-averaged
differential ionization cross section for electrons in the
ðn; lÞ shell is given in Eq. (1). The full expression for vmin is

vmin ¼
ðjEnl

bindingjþ EerÞ
q

þ q
2mχ

; ðA1Þ

where Enl
binding is the binding energy of the shell and q is the

momentum transfer from the DM to the electron. The form

factor for ionization of an electron in the ðn; lÞ shell with
final momentum k0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2meEer

p
is given by

jfnlionðk0; qÞj2

¼ 4k03

ð2πÞ3
X

l0L

ð2lþ 1Þð2l0 þ 1Þð2Lþ 1Þ

×
"
l l0 L

0 0 0

#
2
$$$$
Z

r2drRk0l0ðrÞRnlðrÞjLðqrÞ
$$$$
2

; ðA2Þ

where ½& & &' is the Wigner 3-j symbol and jL are the
spherical Bessel functions. We solve for the radial wave-
functions Rk0l0ðrÞ of the outgoing unbound electrons taking
the radial Schrödinger equation with a central potential
ZeffðrÞ=r. This central potential is determined from the
initial electron wavefunction by assuming that it is a bound
state of the same potential. We include the shells listed in
Table II.

2. Electron and photoelectron yields

We provide additional details to convert the recoiling
electron’s recoil energy into a specific number of electrons.
The relevant quantities are

Eer ¼ ðnγ þ neÞW;

nγ ¼ Nex þ fRNi;

ne ¼ ð1 − fRÞNi: ðA3Þ

TABLE II. Xenon shells and energies. “Photon energy” refers
to energy of deexcitation photons for outer-shell electrons
deexciting to lower shells. This photon can subsequently photo-
ionize, creating additional quanta. The range of additional quanta
takes into account that the higher energy shell may have more
than one available lower energy shell to deexcite into. For our
limits, we take the minimum of this range.

Shell 5p6 5s2 4d10 4p6 4s2

Binding energy [eV] 12.4 25.7 75.6 163.5 213.8
Photon energy [eV] – 13.3 63.2 87.9 201.4
Additional quanta 0 0 4 6–10 3–15

FIG. 6. Expected number of events as a function of number of electrons observed for 1000 kg yr of xenon. The left axis sets σ̄e to the
maximum allowed value by current constraints while the right axis sets σ̄e to the predicted value for a freeze-out (freeze-in) model for
FDM ¼ 1ðα2m2

e=q2Þ, respectively. The different colored lines show the contributions from the various xenon shells while the gray band
encodes the uncertainties associated with the secondary ionization processes.

ESSIG, VOLANSKY, and YU PHYSICAL REVIEW D 96, 043017 (2017)

043017-6
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Interaction Rates: DM Absorption
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๏ Absorption of bosonic DM  (keV-scale)  peak-like signatures 

๏ Rates: ~ φ x σ ~ ρ x v/m x σ (here for ρ = 0.3 GeV/cm3)

⇒

R ' 1.5⇥ 1019

A
g2ae

⇣ ma

keV

⌘⇣�pe

b

⌘
kg�1d�1
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Pospelov, Ritz, Voloshin, PRD 78, 2008; An, 
Pospelov, Pradler, Ritz, PLB747, 2015

ALPs, DPs



Ongoing Experiments
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LUX-ZEPLIN XENONnT PandaX-4T

๏ Two-phase TPCs: 2 arrays of 3-inch ø low-radioactivity PMTs  

๏ Kr & Rn removal techniques: mitigate 85Kr and 222Rn backgrounds 

๏ Ultra-pure water shields: neutron & muon vetos

SURF: 7 (10) t LNGS: 5.9 (8.6) t JinPing: 3.7 (5.6) t

Laura Baudis, UZH: Probing Dark Matter with Liquid Xenon Detectors



Detector Eyes for VUV-light

15

LUX-ZEPLIN top PMT array XENONnT top PMT array

V.C. Antochi et al., JINST 16 (2021) 08, P08033

Laura Baudis, UZH: Probing Dark Matter with Liquid Xenon Detectors



LUX-ZEPLIN and XENONnT
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LUX-ZEPLIN XENONnT

• Spatial distribution of events in the TPCs

XENONnT, PRD 111, 2025LZ, PRL 131, 2023

Laura Baudis, UZH: Probing Dark Matter with Liquid Xenon Detectors



LUX-ZEPLIN and XENONnT
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XENON PRL 131, 2023 

• Distribution of events in S2 versus S1 space in the TPC

LZ, PRL 131, 2023

2σ contour of 200 GeV/c² WIMPLaura Baudis, UZH: Probing Dark Matter with Liquid Xenon Detectors

LUX-ZEPLIN XENONnT



Backgrounds
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• Dominated by electronic recoils from 222Rn decays in the LXe

Laura Baudis, UZH: Probing Dark Matter with Liquid Xenon Detectors

XENONnT, 2502.04209 

Solar pp-ν 
equivalent rate

https://arxiv.org/abs/2502.04209


Recent Results: DM-Nucleus
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• DM mass range: ~ 3 GeV - 10 TeV

XENONnT PRL 134, 2025 LUX-ZEPLIN arXiv:2410.17036

Laura Baudis, UZH: Probing Dark Matter with Liquid Xenon Detectors



Recent Results: DM-Electron

20

• DM mass range: ~ 50 MeV - 10 GeV

PandaX-4T, PRL  130, 2023

FDM = 1 FDM = 1/q2

Heavy dark photon A’ mediator Ultra-light dark photon A’ mediator

Laura Baudis, UZH: Probing Dark Matter with Liquid Xenon Detectors



Recent Results: DM Absorption
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• DM mass range: ~ 0.5 keV - 100 keV

Axion like particlesDark photons

XENONnT, PRL 129, 2022;  LZ, PRD 108, 2023

Laura Baudis, UZH: Probing Dark Matter with Liquid Xenon Detectors

XENONnT

XENONnT



Recent Results: DM Absorption
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• DM mass range: ~ 0.01 keV - 10 keV

XENONnT, PRL 134, 2025

Laura Baudis, UZH: Probing Dark Matter with Liquid Xenon Detectors

Axion like particlesDark photons



XENONnT at LNGS

23
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XENONnT at LNGS

• Several science runs (SR0, SR1, SR2), analyses ongoing

24
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XENONnT at LNGS

• Several science runs (SR0, SR1, SR2), analyses ongoing: examples
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Low energy ER High energy ER

Low energy NR High energy NR

✴pp and 7Be solar neutrinos 
✴bosonic DM 
✴solar axions

✴ββ-decay 136Xe (Qββ = 2.46 MeV) 

✴DEC, ECβ+-decay 124Xe (QDEC = 2.86 MeV)

✴8B solar neutrinos 
✴WIMP DM (SI, SD)

✴inelastic DM 
✴EFT DM models



Solar Neutrinos: ν-Nucleus Scattering
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• Observed 8B neutrinos via CEvNS 

• In LXe: ~99% of events < 4 keV NR energy 

• Expect: ~ 104 events/(200 t y)

XENON, PRL 131, 2023

expect 8B 
CEvNS 
events 
here!
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✴Complementary measurements 
to experiments using CC 
reactions 

✴"Flavour democratic" (C. 
Lunardi, Neutrino-2024)



Solar Neutrinos: ν-Nucleus Scattering
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XENONnT: PRL 123, 2024

CEνNS

๏First detection of elastic NRs from astrophysical ν's 

๏First measurement of  CEνNS process with Xe targets 

๏First step into the “neutrino fog” by a DM experiment



Solar Neutrinos: ν-Nucleus Scattering

• Measured 8B flux: (4.7 + 3.6 - 2.6) x 106 cm-2s-1 

• 5-σ discovery and precision measurement in reach with XENONnT data

28

XENONnT: PRL 123, 2024
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Solar Neutrinos: ν-Nucleus Scattering
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Xe

XENONnT: PRL 123, 2024



Future Liquid Xenon TPCs
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XLZD (XENON-LZ-DARWIN) PandaX-xT

78 t LXe (60 t active target) 
2 arrays of 3-inch PMTs

47 t LXe (43 t active target) 
2 arrays of 2-inch PMTs

Laura Baudis, UZH: Probing Dark Matter with Liquid Xenon Detectors



XENON-LUX-ZEPLIN-DARWIN

XLZD

• New collaboration to build & operate next-generation detector 

• Demonstrated experience in large-scale LXe TPCs 

• July 2021: MoU signed by 104 research group leaders from 16 countries 

• Several meetings  (KIT, UCLA, RAL); since fall 2024 full collaboration 

• Executive committee and WGs in place. Design Book here: 2410.17137 31
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Laura Baudis, UZH:: Direct dark matter detection with LXe TPCs

https://arxiv.org/abs/2410.17137


XENON-LUX-ZEPLIN-DARWIN

XLZD

32

UCLA, spring 2023

KIT, summer 2022

RAL, spring 2024

Laura Baudis, UZH: Probing Dark Matter with Liquid Xenon Detectors Next: LNGS, July 2025



XLZD Nominal Design

• TPC: 60 t LXe (78 t total), early science 
with 45 t LXe 

• Two arrays of 3-inch PMTs, 1182/array 

• 2.97 m e- drift, 2.98 m diameter  

• Drift field: 240-290 V/cm 

• Extraction field: 6-8 kV/cm 

• Double-walled Ti cryostat, 7 cm LXe 
"skin" detector around the TPC

33

2.98 m

2.97 m

XLZD TPC

Laura Baudis, UZH: Probing Dark Matter with Liquid Xenon Detectors

XLZD collaboration 
Design Book, arXiv: 2410.17137



DARWIN R&D

• R&D for next-generation liquid xenon detector since ~2010 

• Several large-scale demonstrators: Xenoscope, Pancake, LowRad (3 ERCs) 

• Photosensors, TPC design, large-scale purification, etc

34

Xenoscope at UZH 
LB et al., JINST 16, 2021, EPJ-C 83, 2023, 
JINST 20, 2025

Pancake in Freiburg 
A. Brown at al., JINST 19, 2024

DARWIN

Laura Baudis, UZH: Probing Dark Matter with Liquid Xenon Detectors

LowRad in Münster 
C. Weinheimer et al.

“1 Rn atom in 100 moles of Xe”



XLZD Underground Sites

35

• Four experimental sites are being considered within XLZD: LNGS, a new lab at Boulby 
(UK), SURF (USA), SNOLAB (Canada) 

• Example: the LNGS option in Hall-C of the underground lab (between LEGEND-1000 
and DarkSide-50k)

LEGEND-1000

DarkSide-20k

XLZD Water Tank

XLZD ReStoX 
(LXe storage 
systems)

XLZD Service 
Building

Laura Baudis, UZH: Probing Dark Matter with Liquid Xenon Detectors



XLZD Science Goals

36Physics case for a large liquid xenon detector: 
J.Phys.G 50 (2023) 1 (600 authors)

Dark matterSolar 
neutrinos 
(pp + 8B)

Supernova 
neutrinos

Neutrino 
nature

JCAP 10, 016 (2015)

Eur. Phys. J. C 80, 9 
(2020) ; Journal of 
Physics G 52 (2025)

Eur. Phys. J. C 80, 12 (2020) 
Phys.Rev.D 106 (2022)

PRD 94, 103009 (2016) 
Phys.Rev.D 105 (2022) 

Laura Baudis, UZH: Probing Dark Matter with Liquid Xenon Detectors

LB, Nucl. Phys. B 1003 (2024)



XLZD Dark Matter: Exclusion

37
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Exposure of 1000 t y needed to dive into the atmospheric neutrino 
fog (where > 1, 10, 100,... events are expected in the WIMP ROI)

XLZD collaboration 
Design Book 
arXiv: 2410.17137

Systematic limit 
imposed by 
CEvES from 
atmospheric 
neutrinos 

At contour n: a 10 x 
lower XS sensitivity 
requires an increase in 
exposure of at least 10n



XLZD Dark Matter: Detection

38
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Exposure of 1000 t y: 1-,2- and 3-sigma (yellow, orange, red) CIs

Theory:  
EW multiplet, S. Bottaro 
et al., EPJ-C  82, 2022 , 
Single complex EW n-plet 
with non-zero 
hypercharge added to SM  

Evidence 
contours for 
20 GeV and 
80 GeV 
WIMPs

XLZD collaboration 
Design Book 
arXiv: 2410.17137



The Xenon Family Tree
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XMASS

XENON10

XENON100 XENON1T XENONnT

ZEPLIN I, II, III

LUX

LUX-ZEPLIN

DARWIN XLZD

PandaX I, II PandaX-4T PandaX-xT

10 kg 100 kg 1 t 6 t 60 t

2012

2013

2010

2007

2005, 2007, 2008

2017 2022

2009

2022

20212014, 2016

Thirteen DM detectors in 20 years!
Indicative timelines; year of first results



Conclusions & Outlook

• Liquid xenon detectors: at the forefront of direct DM searches 

• LZ, PandaX, XENONnT: many new results in 2025; additional data towards 
design exposures and sensitivities 

• DARWIN: leading the R&D efforts towards next-generation detectors  

• XLZD (XENON-LZ-DARWIN): new international collaboration to build and 
operate a ≥ 60 tonne scale LXe TPC; PandaX-xT: upgrade to 20 t, then will 
construct 50 tonne scale detector 

• Main goal: test WIMP paradigm into the neutrino fog (& many other DM 
candidates) 

• Neutrino physics: search for 0νββ-decay in 136Xe, address inverted ordering 
scenario, observe solar and SN neutrino, other second order weak decays

40
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PLANCK33: A new particle?

41
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๏ Mass =? 

๏ J = ? 

๏  

๏  

๏  

๏ ...

τ > ?

σ(χ + χ̄ → SM + SM) = ?

σ(χ + SM → χ + SM) = ?



Thank you



Additional material



Second Order Weak Decays
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XENON, Nature 568, 2019

124Xe + 2e� ! 124Te + 2⌫e
<latexit sha1_base64="aJ8rDE8A54lmBgYZjDsFqIvDk+k="></latexit>

Double 
electron 
capture

T1/2 = (1.8± 0.5stat ± 0.1sys)⇥ 1022 y



Approaching the Neutrino Fog

45

The "fog" for different targets Effect of  fluxes uncertaintiesν

• Here shown for nuclear recoils (ν floor as boundary to "ν fog") 

• Region where experiments leave the Poissonian regime*

C. O'Hare, PRL  127, 2021

* σ where the DM discovery limit scales as ∼ (Mt)−1/n

Laura Baudis, UZH:: Direct dark matter detection with LXe TPCs



Background Goals

• ER and NR regions: dominated by cosmic neutrinos

materials, intrinsic etc

ν-e scattering:  
solar ν's

radiogenic, 
cosmogenic

CEvNS: solar ν's, 
atm ν's + DSNB 

WIMP: 50 GeV, 
σχn= 10-10 pb

atm + DSNB neutrinos (NR)

neutrons (NR)

WIMP (NR)

solar neutrinos (ER)

radioactivity (ER)

Figure: Tina Pollmann 10-6
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Dark Matter Spectroscopy
• Capability to reconstruct the DM mass and cross section for 

various masses  - here 25, 50, 250 GeV/c2 - and cross sections

47
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!0 ¼ 0:4" 0:1 GeV=cm3 ð1"Þ: (16)

There are several other recent results that determine !0,
both consistent [60] and somewhat discrepant [61] with our
adopted value. Even in light of these uncertainties, we take
Eq. (16) to represent a conservative range for the purposes
of our study.

For completeness Table II summarizes the information
on the parameters used in our analysis.

VI. RESULTS

A. Complementarity of targets

We start by assuming the three dark matter benchmark
models described in Sec. II (m# ¼ 25; 50; 250 GeV with
"p

SI ¼ 10%9 pb) and fix the Galactic model parameters to
their fiducial values, !0 ¼ 0:4 GeV=cm3, v0 ¼ 230 km=s,
vesc ¼ 544 km=s, k ¼ 1. With the experimental capabil-
ities outlined in Sec. III, we generate mock data that, in
turn, are used to reconstruct the posterior for the DM
parameters m# and "p

SI. The left frame of Fig. 1 presents
the results for the three benchmarks and for Xe, Ge, and Ar

separately. Contours in the figure delimit regions of joint
68% and 95% posterior probability. Several comments are
in order here. First, it is evident that the Ar configuration is
less constraining than Xe or Ge ones, which can be traced
back to its smaller A and larger Ethr. Moreover, it is also
apparent that, while Ge is the most effective target for the
benchmarks with m# ¼ 25; 250 GeV, Xe appears the best
for a WIMP with m# ¼ 50 GeV (see below for a detailed
discussion). Let us stress as well that the 250 GeV WIMP
proves very difficult to constrain in terms of mass and cross
section due to the high-mass degeneracy explained in
Sec. II. Taking into account the differences in adopted
values and procedures, our results are in qualitative agree-
ment with Ref. [27], where a study on the supersymmet-
rical framework was performed. However, it is worth
noticing that the contours in Ref. [27] do not extend to
high masses as ours for the 250 GeV benchmark—this is
likely because the volume at high masses in a supersym-
metrical parameter space is small.
In the right frame of Fig. 1 we show the reconstruction

capabilities attained if one combines Xe and Ge data, or
Xe, Ge, and Ar together, again for when the Galactic
model parameters are kept fixed. In this case, for m# ¼
25; 50 GeV, the configuration Xeþ Arþ Ge allows the
extraction of the correct mass to better than Oð10Þ GeV
accuracy. For reference, the (marginalized) mass accuracy
for different mock data sets is listed in Table III. For m# ¼
250 GeV, it is only possible to obtain a lower limit on m#.
Figure 2 shows the results of a more realistic analysis,

that keeps into account the large uncertainties associated
with Galactic model parameters, as discussed in Sec. V.
The left frame of Fig. 2 shows the effect of varying only !0

(dashed lines, blue surfaces), only v0 (solid lines, red
surfaces), and all Galactic model parameters (dotted lines,
yellow surfaces) for Xe and m# ¼ 50 GeV. The Galactic

TABLE II. The parameters used in our analysis, with their
prior range (middle column) and the prior constraint adopted
(rightmost column) are shown. See Secs. IV and V for further
details.

Parameter Prior range Prior constraint

log10ðm#=GeVÞ (0.1, 3.0) Uniform prior
log10ð"p

SI=pbÞ ð%10;%6Þ Uniform prior
!0=ðGeV=cm3Þ (0.001, 0.9) Gaussian: 0:4" 0:1
v0=ðkm=sÞ (80, 380) Gaussian: 230" 30
vesc=ðkm=sÞ (379, 709) Gaussian: 544" 33
k (0.5, 3.5) Uniform prior
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FIG. 1 (color online). The joint 68% and 95% posterior probability contours in the m# % "p
SI plane for the three DM benchmarks

(m# ¼ 25; 50; 250 GeV) with fixed Galactic model, i.e., fixed astrophysical parameters, are shown. In the left frame we show the

reconstruction capabilities of Xe, Ge, and Ar configurations separately, whereas in the right frame the combined data sets Xeþ Ge and
Xeþ Geþ Ar are shown.

MIGUEL PATO et al. PHYSICAL REVIEW D 83, 083505 (2011)

083505-6

reconstructed probabilities  
for Xe, Xe + Ge, Xe + Ge + Ar

model uncertainties are dominated by !0 and v0, and, once
marginalized over, they blow up the constraints obtained
with fixed Galactic model parameters. This amounts to a
very significant degradation of mass (cf. Table III) and
scattering cross-section reconstruction. Inevitably, the
complementarity between different targets is affected—
see the right frame of Fig. 2. Still, for the 50 GeV bench-
mark, combining Xe, Ge, and Ar data improves the mass
reconstruction accuracy with respect to the Xe only case,
essentially by constraining the high-mass tail.

In order to be more quantitative in assessing the useful-
ness of different targets and their complementarity, we use
as figure of merit the inverse area enclosed by the 95%
marginalized contour in the log10ðm"Þ # log10ð#p

SIÞ plane
inside the prior range. Notice that for the 250 GeV bench-
mark the degeneracy between mass and cross section is not
broken—this does not lead to a vanishing figure of merit
(i.e. infinite area under the contour) because we are re-
stricting ourselves to the prior range. Figure 3 displays this
figure of merit for several cases, where we have normalized

to the Ar target at m" ¼ 250 GeV with the fixed Galactic
model. Analyses with fixed Galactic model parameters
are represented by empty bars, while the cases where all
Galactic model parameters are marginalized over with
priors as in Table II are represented by filled bars. First,
one can see that all three targets perform better for WIMP
masses around 50 GeV than 25 or 250 GeV if the Galactic
model is fixed. When astrophysical uncertainties are
marginalized over, the constraining power of the experi-
ments becomes very similar for benchmark WIMP masses
of 25 and 50 GeV. Second, Fig. 3 also confirms what
was already apparent from Fig. 1: Ge is the best target
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FIG. 2 (color online). The joint 68% and 95% posterior probability contours in the m" # #p
SI plane for the case in which

astrophysical uncertainties are taken into account. In the left frame, the effect of marginalizing over !0, v0 and all four (!0, v0,
vesc, k) astrophysical parameters is displayed for a Xe detector and the 50 GeV benchmark WIMP. In the right frame, the combined
data sets Xeþ Ge and Xeþ Geþ Ar are used for the three DM benchmarks (m" ¼ 25; 50; 250 GeV).

TABLE III. The marginalized percent 1# accuracy of the DM
mass reconstruction for the benchmarks m" ¼ 25; 50 GeV is

shown. The figures between brackets refer to scans where the
astrophysical parameters were marginalized over (with priors as
in Table II), while the other figures refer to scans with the
fiducial astrophysical setup.

Percent 1# accuracy
m" ¼ 25 GeV m" ¼ 50 GeV

Xe 6.5% (14.3%) 8.1% (20.4%)
Ge 5.5% (16.0%) 7.0% (29.6%)
Ar 12.3% (23.4%) 14.7% (86.5%)
Xeþ Ge 3.9% (10.9%) 5.2% (15.2%)
Xeþ Geþ Ar 3.6% (9.0%) 4.5% (10.7%)
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FIG. 3 (color online). The figure of merit quantifying the
relative information gain on dark matter parameters for different
targets and combinations thereof is shown. The values of the
figure of merit are normalized to the Ar case at m" ¼ 250 GeV
with fixed astrophysical parameters. Empty (filled) bars are for
fixed astrophysical parameters (including astrophysical uncer-
tainties).
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fixed galactic model including galactic uncertainties

Pato, Baudis, Bertone, Ruiz de Austri, Strigari, Trotta: Phys. Rev. D 83, 2011

Xenon + Germanium + Argon



Solar Neutrino Signals

• Neutrino signals: NRs (CEvNS), ERs (all other reactions)

48
B. Dutta, E. Strigari, Annu. Rev. Nucl. Part. Sci. 2019

Xe Xe

8B
pp
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Solar Neutrinos: ν-e Scattering

49
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Solar neutrino flux at low energies (pp and 7Be)

Component (1,10) keV

214Pb (222Rn) 56±7

85Kr 6±4

Materials 16±3

Solar ν 25±2

124Xe 2.6±0.3

136Xe 8.7±0.3

AC 0.7±0.03

1.9 µBq/kg 0.9 µBq/kg

SR0 SR1ER events in SR0

ν-e 
scattering



Some History...
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๏CEvNS-based detectors were proposed as "neutrino observatories" in 
the mid eighties (1984, Drukier and Stodolsky) 

๏These detectors were then proposed to detect "some possible 
candidates for dark matter" (1985, Goodman and Witten) 

๏Forty year later: dark matter detectors observed solar neutrinos via 
CEvNS for the first time* (2024, XENONnT and PandaX-4T)

*not with superconducting grains, but with large liquid Xe detectors

Laura Baudis, UZH: Probing Dark Matter with Liquid Xenon Detectors



Solar ν-Electron Scattering

• Main challenge: reduce 222Rn (214Pb 
β-decay) background to x 10 below 
the pp rate (0.1 µBq/kg)

51

XLZD preliminary

using pp neutrinos

DARWIN collaboration, EPJ-C 80 12 (2020)

 222Rn goal 
(current value 
in XENONnT 
~0.8 µBq/kg)

600 t y exposure, 1 and 4 energy bins

Laura Baudis, UZH:: Direct dark matter detection with LXe TPCs



SN ν-Nucleus Scattering

• Sensitivity to all ν flavours: few events/ton expected from SN at ~10 kpc 

• Main challenge: low energies, understand few-e- backgrounds 

• XLZD: sensitivity beyond SMC; part of SNEWS2.0

52

Rates for  27  SN at 10 kpcM⊙

Figures: Ricardo Peres, UZH

XENONnT/LZ and XLZD
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Atmospheric Neutrinos

• In general, exposures > few 1000 t y are needed for 5-σ detection

53Newstead, Lang, Strigari, PRD 104, 2021

LAr

LXe

8B ν's

atm ν's

Laura Baudis, UZH:: Probing Dark Matter with Liquid Xenon Detectors



Energy Thresholds in Xe TPCs

• S1 + S2: ~ 1 keV with 3-fold coincidence (ER) (hits in  3 PMTs within ~50-100 ns); 
lower threshold (< 1 keV) with 2-fold coincidence (with lower signal efficiency) 

• S2-only: ~ 0.2 keV, with 5 e-  - 100 e- detected (probe ER and NR interactions), 
down to W-value, with 1 e- - 5 e- signal (mostly probe ER interactions due to 
large uncertainty in quenching factor for NRs at lowest energies)

≥

54

LZ,  PRD 108, 2023

At least 3 PMTs see a signal, summed signal > 3 phd

PandaX-4T, PRL  130, 2023

Laura Baudis, UZH:: Probing Dark Matter with Liquid Xenon Detectors



AC Backgrounds in TPCs

• Combinatorial background at low energies can be significant 

• Main sources for isolated S1 and isolated S2 signals 

• Primary scintillation (S1s) 

• Dark counts (pile-up)  nr. channels 

• Charge-insensitive regions 

• Delayed photons  

• Electroluminiscence (S2s) 

• Bulk xenon S2-only events  

• Delayed electrons 

• Electrode events

∝
Example from XENONnT
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Ionisation Only Backgrounds

• Radioactivity 

• Solar neutrinos 

• Instrumental 

• Spurious emission of single and few 
electrons from the cathode 

• Delayed e- after large S2 signals: 
trapped e- at the liquid/gas interface; 
e- emitted from impurities, etc 

• Important to understand & mitigate 
origin, develop background models

e-

e-

e-

cathode

anode

e- trapped by 
impurities

HV

HV

e- e-

e-

e-

gate

e-

e- trapped at the 
boundary

γ

e-

γ

χ
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Ionisation Only Backgrounds
PandaX-4T, PRL  130, 2023

XENON1T, PRL  
123, 2019
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• Radioactivity 

• Solar neutrinos 

• Instrumental 

• Spurious emission of single and few 
electrons from the cathode 

• Delayed e- after large S2 signals: 
trapped e- at the liquid/gas interface; 
e- emitted from impurities, etc 

• Important to understand & mitigate 
origin, develop background models

Laura Baudis, UZH:: Probing Dark Matter with Liquid Xenon Detectors



Scintillation in Liquid Xenon

Laura Baudis, UZH:: Probing Dark Matter with Liquid Xenon Detectors

๏ Two distinct processes; in the first process: 

๏ excited atoms Xe* (excitons) and ions Xe+, both produced by ionising radiation 

๏ direct excitation: less than 1 ps after the excitation, the excited atom (exciton, Xe*) forms a bound 
state with a stable atom (Xe): a bound dimer state, called excimer 

๏ the excited dimer is de-excited to the dissociative ground state

Xe Xe* Xe2*

Xe

Xe

Xe

transition to repulsive 
ground state

 emission of a 
single VUV photon
⇒

excitation collisions
dissociation

2 spin states: 
singlet & triplet

★ the two spin states refer to the combined spin state of the electron and the angular momentum due to the molecular orbit

< 1 ps
★ The dimer state is at a lower 

energy level than the excitation 
energy of an individual atom  
the medium is transparent to 
the VUV light

⇒
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