’

feler Tor 2026

Resort E

rmio-

—
e .

.
N

-

BND Graduate School — Do




 Overview -

—

Lecture 1 - Dark Matter Direct Detection part 1
Direct Detection Principle

Low-background Experiments
Experimental Landscape

Lecture 2 - Dark Matter Direct Detection part 2
Case Example: XENONNT

New indication for DM?
AXIONS

Lecture 3 - Dark Matter Production

Dark Matter Indirect Detection
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Case example: XENONNT

Let’s study a specific case example: XENONnNT

o ) Application to Neutrino Physics

More than just Dark Matter Direct Detection
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XENON [@@[ﬁ@m ‘.

@ Fourth generation of XENON experiment

J

= Based on the same detection technology: dual-phase Time Projection Chamber
= Already demonstrated the scalability of this technology

\ # =3
@ XENON10 X @ XENONT00
Time @ 2005 2008
Active mass ‘ 15 kg 62 kg
[t.day.keV] Background‘h‘ ~1000 5.3
[cm2] DM Sensitivity @ Rl O-44

~10-45

* = Projections



3

Aboveground Laboratory

® Operating atthe INFN - Laboratori Nazionali
del Gran Sasso (LNGS)
= Underground laboratory with 1300 m

overburden (3600 m.w.e)
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Why Xenon?

< —

Xenon Properties

® Mostradiopure Noble Gases.

[sotope Abundance [%]| Decay mode Half-life [years]

a4 0.09 2vECEC QNI e 0

e € 0.09 stable -

i, € 1.92 stable -

. € 26.4 stable -

e, 45 4.08 stable -

b € 212 stable -

). - 26.9 stable -

). € 10.4 stable -

e, € 8.87 2vR (2.165 4 0.0165¢at & 0.0595y5) x 1041




Why Xenon?

e

Xenon Properties

= Electron < 9(1-10) mm

@ Mostradiopure Noble Gases. = Gamma < O(10) cm Tend to do
Efficient (Self-)shielding material (Z= 94, ~ 2.9 g/cm3). 7 -
® (Self-) g ( PLXe g/cm? ) = Neutron < 9(10)cm | Multiple-Scatter
max. Er [keVpr]
1 10 100
o — e e "
2 3 Elastic scattering
T 10°- 1073
g - 100 5 —
E £ o ‘ £
% 1 - L 10-1 © QE) 10-24 - - 10 &
g 1071 Photo-electric 5 = : : =
S absorption g = | ' nelastic -
- P 2 3 s ‘ ol scattering D=
S - 1077 2 2 10725 - 6 g
B -1 _ E E
g 10 , N -
g 103 = S . 4 E
@ 102 -
g 107 - - - 104 :
>, Pair-production
R | ! ! L | ! ! UL | ' ' UL | 10_27 T T LA B B . | T T T LA B B B R | T ! T LI B B B
100 10! 102 103 104 101 102 103 104
Incident gamma energy [keV] Incident neutron energy [keV]

D. Wenz, http://doi.org/10.25358/openscience-9654
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Xenon Properties

® Mostradiopure Noble Gases.

@ Efficient (Self-)shielding material (Z= 94, pixe ~ 2.9 g/cm3).

@ Relatively easy to operate in liquid phase:
® Can build compact detector and can be scaled to largest mass
® high boiling pointtemperature (~1/8 Kat P~ 2 bar) —

“Modest” cryogenic

XENONNT Cryogenic
system

https://xenonexperiment.org/photos/

J. Billard, Ecole de GIF (2016)

Multi-stage cooling for
cryogenic bolometers

1st stage ~ 50k

< 2nd stage ~ 4k

— Still ~ 1k

— Cold stage ~ 0.1 k

MC ~ 10 mk

Detector



~ Why Xenon? -

Xenon Properties

® Mostradiopure Noble Gases.

@ Efficient (Self-)shielding material (Z= 94, pixe ~ 2.9 g/cm3).

@ Relatively easy to operate in liquid phase: m = 50 GeV
® Can build compact detector and can be scaled to largest mass 45 = 10~% cm?
. ol . p— 2
@ high boiling point temperature (~178 K at P~ 2 bar) — 5 107 o |
7 17} - Pe __ —— Fluori N
Modest” cryogenic s 108 — Argon G
. . x — —— Germanium 3
@ Act as both atarget and detection medium! = 1B — Xenon I
£ E G
5107 = 3
E K 2
=107 = i
|j>j10—3 f_ E
= 5
107 = h
10° =
10—6 :I [ | | 1 [ 1 1 | | 1 | I I | L1 | AU | [ 1 | | 1 | 1 |

O 20 40 60 80 100 120 140 160 180 200
Recoil energy [keV]



Why X@@@ﬁ?

Xenon Properties

® Mostradiopure Noble Gases.

@ Efficient (Self-)shielding material (Z= 94, pixe ~ 2.9 g/cm3).

@ Relatively easy to operate in liquid phase:
® Can build compact detector and can be scaled to largest mass

@ high boiling point temperature (~178 Kat P~ 2 bar) =

electron recoil —_

“Modest” cryogenic excitation + ionization

nuclear recoil — - escaping
@ Actas both atarget and detection medium! | l - electrons
: , v \ ionization |
atomic motion Xe '(" electrons
Xe2< +Xe
Xenon Is transparant to its own Xez ‘e
scintillation light (VUV photon)! o]
1% e +. recombmat:on
scintillation light (175 nm) Xe +Xe
Y| Y

Phys. Rev. C 81, 025808



Why Xenon?

Zoom In energy transfer in Xenon:

> — —

® Singlet/Triplet litetime are very different
between Argon (~6 ns, ~1.5us) and Xenon (~4
ns, ~22 ns)

Energy deposition
= Scintillation Pulse-Shape

s| © .
= @ oot = Ratio between two states depends on
o 1 Biexcitonic quenchin ] .
A1 - — . the energy deposited density
3 Excited states distribution (particle dependent) = PSD
Singlet
state r\ o
~ Penning quenchin . .
RS Ins T >—m = — ® Use Electric field to extract free electrons and
Free electrons Superelastic collisions N\
and ions R Triplet infer the light and charge quanta produced.
O’hbinat'.o . ]
. " state gL o = Light and charge quanta ratio depends
3 §. on Linear Energy Transter (LET), which
3 vary for different particle = ER/NR
lonization (S2) Scintillation (S1) Heat discrimination

E. Hogenbirk et al., JINST, 13(05):P05016, 2018
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Not just one
detector

Main Detector:
Dual-Phase Time
projection Chamber

Water Tank with
u/n Veto systems

ment Overview 7.7 14

GXe Purification, Rn Distillation,
Cryogenic and Calibration systems

Slow control, LXe Purification, Kr Distillation,
Recovery & Storage systems




XENONRNT Ex@@ﬁﬁm@mﬁ Overview

XENON1T
UPGRADE!

Rn distillation

water shield cryostat cryogenics

GXe purification

muon veto

neutron veto
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XENONNT Experiment Overview

XENONA1T
UPGRADE

Rn distillation
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b
o
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Kr distillation

water shield cryostat cryogenics

GXe purification

neutron veto

ReStoX-ll

LXe purification
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XENONA1T
UPGRADE

Rn distillation

water shield cryostat cryogenics

muon veto l
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GXe purification
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XENONNT Experiment Overview

XENONA1T
UPGRADE

Rn distillation

water shield cryostat cryogenics

GXe purification

neutron veto

ReStoX-l|

—_




XENON1T
UPGRADE

water shield cryostat cryogenics Rn distillation

GXe purification

AL Y
ARERARNNNNNSS

neutron veto

_________

More target mass
Reduced background level

|

ReStoX-l|




- XENONNT Experiment Overview

How to achieve an ultra-low background experiments:
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How to achieve an ultra-low background experiments:
® Material selection/cleaning
® Screening campaign

@ Cleaning pre-construction
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How to achieve an ultra-low background experiments:

® Material selection/cleaning

® Screening campaign

¥

@ Cleaning pre-construction

‘ J
/

AL Y

RRRRRARRNRRANANY
LAARRARRRRRRRRRRRNRANNANNYNNY

XENON Collaboration, Eur. Phys. J. C (2022) 82:599

11010

Sample  Component Manufacturer Facility = Mass [kg] Livetime [d] Units 28y 25y 226Ra  22%Ra (¥*2Th) 2287Th WK 0Co B7Cs
Stainless Steel (304)

0 Bell/Vessel Nironit GeMPI 7.8 11.7 mBg/kg 13(7) 073)  0.3(1) 0.6(2) 0.5(1) 1.6(6) 2.4(2) <0.2
0 Bell/Vessel Nironit ICP-MS — - mBq/kg 3.7(6) — - 0.10(8) — — - -

1 Bell/Vessel Nironit GeMPI 7.8 57.1 mBg/kg 4(2) 02(1)*  1.3(1) 0.9(1) 0.57(6) 1.4(2) 0.61(5)  0.03(2)
1 Bell/Vessel Nironit ICP-MS — — mBg/kg 8.6(4) — — < 8.1 - - — -

2 Bell/Vessel/Electrodes Nironit GeMPI 8.4 27.5 mBq/kg <11 <0.6 0.6(1) 0.4(1) 0.4(1) <24 0.4(1) <0.2
2 Bell/Vessel/Electrodes Nironit ICP-MS — — mBg/kg 2.5(3) — — 0.4(2) — — — -

3 Welding Rods (Vessel) Nironit GeMPI 2.6 30.6 mBqg/kg < 5.7 < 0.3* 3.1(3) 2.9(4) 11.4(7) 7(1) 1.6(2) <0.3
Oxygen-Free High-Conductivity Copper

4 Field Shaping Rings Luvata Gator 71.7 32.5 mBq/kg <0.33 <002  <0.18 <0.22 0.18(5) 0.45(14)  0.03(1) <0.05
4 Field Shaping Rings Luvata ICP-MS = - mBqg/kg 0.03(1) = - 0.010(4) = = - =

5 Guard Rings Niemet GeMPI 56.5 42.1 mBq/kg < 1.6 <0.14 0.13(3) < 0.06 < 0.04 0.6(2) 0.05(1) < 0.03
6 Wires i GeMSE 12 i mBg/kg <2.3 - <0.1 <0.06 <0.04 0.55(2) 0.43(3)  <0.04
7 Array Support Plate Niemet GeMSE 93.4 35.6 mBg/kg < 1.06 - <0.21 <0.08 <0.01 <0.42 0.08(1)  <0.011
7 Array Support Plate Niemet ICP-MS - - mBg/kg  0.0014(4) - - 0.004(1) - - - -

8 Array Support Pillar Luvata GeMPI 57.3 26.2 mBqg/kg < 2.7 < 0.23 < 0.06 < 0.08 < 0.04 < 0.27 0.10(2) < 0.05
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How to achieve an ultra-low background experiments:

—

' @ Material selection/cleaning

® Self-shielding with LXe:
® LXe Shell

| > - 1 !
\ | { : | f
iy [ i Rk i\ / o . ° °
| 2 PRow SIere 8355 ¢ »' - .’,‘ —
"/ @® ilduclalization
\ { a ’ .“.\“ L0
'| N H 4 ‘ >
' .:E [ 14 " f

Cryostat with LXe Shell
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How to achieve an ultra-low background experiments:

® Material selection/cleaning

® Self-shielding with LXe:

® Active Shielding

Water Cerenkov Muon veto

® n-veto [(n,Y) capture

® pM-veto | Cherenkov light

Tag neutrons through the neutron capture on
hydrogen which releases a 2.2 MeV gamma



- XENONNT Experiment Overview
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: Electronic & Data
Acquisition

How to achieve an ultra-low background experiments:

Material selection/cleaning

Selt-shielding with LXe:
Active Shielding

Underground laboratory
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How to achieve an ultra-low background experiments:

® Material selection/cleaning

Selt-shielding with LXe:
Active Shielding

Underground laboratory

®©@ ®© @® @

Target purification

: Electronic & Data
Acquisition




Cable feedthrough 1&2 éMag K7 ﬁz

Y\\L pump
Cable pipe 2

I

I

I

|
GXe )
=

I

I

I

purifier

Cable pipe 1

GXe-PUR

LXe-PUR p ity

= I Y Monitor

5 |

— O P - | 1] C B - -
. I I | E e P : I

| - - ) Cryostat

GXe [ | ‘ 5 . élc))ffglas ‘ I__-
purifier - L Xe LXe  Neutron Veto DUE

§GXe pump  column purifier Pump§ < Column
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_ Purification systems
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XENON Collaboration, Eur. Phys. J. C 84, 784 (2024)
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CRY PTR X _ : .
A HE i l )
v A A
LN2 2 : _
; > < .......................... T— —

ﬂ Cable feedthrough 1&2 éMag ) @

Y\ jPUINP
Cable pipe 2

gpuﬁﬁer

Off-gas
(high Kr)

Top condenser

Package tube

Gas outlet
(low Kr)

Gas inlet

Heat exchanger

Input condenser —=

Reboiler — |

XENON Collaboration, Eur. Phys. J. C (2017) 77: 881
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Electron Lifetime [Us]

104_"'l'"l"'l"'l"'l"'I"'I"'I"'l"'
- High Efficiency O, Filter (High Rn) ‘_
Data (purity monitor) o . S
Model — /
/ A
/ |
3 / il
10 i Parameters / ]
[ LXe mass: 8620 kg /
O, outgassing: 0.11 mg/d /
Filter efficiency: 100% //
/ GXe purification only
102 I e e — h Cryogenic LXe Purification (2 LPM)
i GXe Purification (60 SLPM)

® Electron litetime (impacted by electronegative impurities in the LXe) > 10 ms, wrt a 2.2 ms drift time

®
®

o — p— =

_ Purification systems

0o 2 4 6 8 10 12 14 16 18

Time [d]

Radon intrinsic contamination < 1 uBg/kgxe

20

222Rn Activity Concentration [pBqg/kg]

Reached natKr/Xe = (56 + 36) ppqg (world leading)

4.07

2.0}

3.5F
3.0

2.5}

1.5}

1.0}

Radon Removal System:
GXe-only mode

—
37Ar calibration and removal
RRS improvements and restart

Radon Removal System:

GXe+LXe mode

0.8 uBg/kg

t

Preliminary

PIRTRTTIA P R L1y {”MH#HEH{“{
{ i pp BT :

100
Time since 01 July 2021 [d]
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Cosmogenic [
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How to achieve an ultra-low background experiments:

® Material selection/cleaning

® Self-shielding with LXe:
® LXe Shell

@ Fiducialization

® Underground laboratory

@ Target purification

: Electronic & Data

Acquisition
Remaining backgrounds _
reaching the TPC: 0 =
® External o

mEEN O

® Internals

@ Cosmogenic
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B New Larger TPC

® X3 larger volume w.r.t. XENON1T
% 2.0t = 5.9t LXe active mass
* ~1m — ~1.5mdrift length
* ~1m — ~1.3 m diameter

% 248 2 494 3" PMTs

AR RRNNNRY




scintillation signal
)

® Prompt scintillation signal (S1)
in GXe from drifted electrons (

® Secondary proportional

Light and Charge readout

}
|

drift time
(depth)

=

time
S2

N
A 4

-[-=------P 51

ligle

O

Edrift

* Eextraction
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Light and Charge readout

® Prompt scintillation signal (S1)

® Secondary proportional scintillation signal

in GXe from drifted electrons (52)

time B
Event reconstruction

c S2 ® 3D Position:

_________ @ Z from drifttime
” ® (X, Y)from PMTs hit pattern

drift time

(depth) ® Energy = E=W .(nph + ne)

=25

—50

XENONNT
—75 WIMP Search

Z [cm]

Fiducial Volume

—100

—125

151 01 st S S S ——— — e

0 20 30 40 50 63
R [cm]




_TPC W@Fkﬁm@ Principle
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. Light and Charge readout
® Prompt scintillation signal (S1)
® Secondary proportional scintillation signal

in GXe from drifted electrons (52)

time i
Event reconstruction

572 @ 3D Position:

@ Z from drifttime
® (X, Y)from PMTs hit pattern

A — — — "d

drift time

depth) ® Energy =& E=W .(ngh + ne)

Particle discrimination

® Interaction type Nuclear Recoil (NR)/Electronic

= = 3w  -— = W Recoil (ER) through S1/52 ratio

o

particle &

2 $2
s1/).5 \si

NR ER
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Light and Charge readout

A , ® Prompt scintillation signal (S1)

Why dO W need da gaS phase? ® Secondary proportional scintillation signal
i_ b in GXe from drifted electrons (52)

[PEEH

time

Event reconstruction
572 ® 3D Position:

@ Z from drifttime

® (X, Y)from PMTs hit pattern

drift time

depth) ® Energy =& E=W .(ngh + ne)

Particle discrimination

® Interaction type Nuclear Recoil (NR)/Electronic

= = = 3| == . N Recoil (ER) through S1/52 ratio

particle &
|| —
Ve q1 -




Waveform example:

— - — —

> — —
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Event 164 from run 023537

Recorded at 2021-06-20 T18:13:31 UTC, 289971792 ns - 292733570 ns - ! 3
Main/Alt S1 Main/Alt S2 Top array Bottom array
o J] T , |
151 | | MS1 30 8 MS2
] s
) I 2]
£ JL £
© 14 | U D 20
& & ~ ~
® ® E £
T B 15 S S
g = > >
[~ ] [
£ 05 - U £ 10
< | ‘ﬁ <
— Al 5
: W nﬂ |
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==== + 2 Sigma best-fit ER/NR band
4 Median best-fit ER/NR band
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Signal Characterisation and Correction

@ 83mKrinternal calibration source:

DV oljicesives |t @2 2 ke & 0 4 kY

= Building block of the signal correction

Electronic Recoil Calibration

® 220Rn internal source

= 212Pp B-decay offer ~flat energy spectrum in RO
® 3’Arinternal source

}\31\9}1 01
dANASY 0%

= ER|ine from K-Shell @ 2.8 keV

= \/alidate detector performances & study threshold
120

cS1 [PE]

Fraction of ER events below NR medianis 1.1 %

Nuclear Recoil Calibration

@ External AmBe neutron source

= Clear NR selection via coincident 4.4 MeV y in nVeto

We can search for DM and other new physics in both ER and NR band!



~ Energy reconstruction

Combined energy reconstruction from $S1 and S2:

2D analysis 1D analysis

W s e quantiinm

E= W(I’lph+ne)

Ve |EE]
dN/dE

S1 [PE] E [keV]

® Energy reconstruction based on detector-dependent parameters:

Determined through severals calibrations




Energy reconstruction

— = — — —

Number of entries
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| - Y, Light Yield [PE/keV]
E 31mXe’ 129mXe
104 :— | N,
: L o : : :
a0 @ Derive Light and Charge Yield from
N R multiple mono-energetic lines and
N infer g1/g2 to build |
; CEEE L T inter gi/g O DUl our energy scaile
1 104 10°

cS1 [PE]



Energy reconstruction
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 XENONNT Science Datasets =

Science Mode 220Rn 88Y @ AmBe W NG
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Stabilityof the detestor -~ = ¥ ¢ ag
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Might look sad, but the stability is actually good :)

Background 88YBe 220Rn 222Rn == SRla phase0 == SR1b — = Start SR2 w21 32.1 keV CE [83"Kr]
83mKy 88y 232Th AmBe SRla phasel == end SR1 #+ 9.4 keV CE [83™ ]+ 41.5 keV CE [33MKr]
i ; i
| l |
95 1 | I - 9.5
| [ |
— | [ l
%9'0_:' c TAHIIR: o e ® :- ol (|| I # & s & s 3 8 : - 9.0
'§ Ih FoEaeTasen 8 wnte L I T B o emme s o | -—wW“#mﬂm“-H
P_", 8.5 I |' i I3 f B | 1 ! | I3 I3 I I -1 8.5
E : @ [ 0k [ 8 o 0 :. - ) & . [ ® ® & r1 1 2 :
8.0 1 i i -1 8.0
| [ |
| [ |
75 | | - 7.5
| ] | | | | | ] | | |
I l i
200 [ : ! - 4.7
> | [ | _
—ng i It _vvuewvvwe i -1 4.6 >
= /7 —#- B [————gsseseseesesse = — T i 145 <
) | .@g;&_ & | W b | Il | | -
S gy i3] "‘3' ' [ o | ¥ ITT T eehecedecccee i ol | e [ e — T M ‘ TR 144 =
S 180 - il | i 1o TP LY T Pt Y B S e S
S~ # - 2 ! .ﬂm = Q.?tg i #' - ‘W ¥+ #iz I- ﬂﬁﬁt’ -‘-M - - ;: fq - 4.3 (>_3
O I | $- E ' . =
& i it 1 142 @
N 170 [ I I X
& i i N . i <41 S
°° | [ |
160 | 1 i I — 4.0
| | | ] | | | ] | | |
2022-07 2022-09 2022-11 2023-01 2023-03 2023-05 2023-07 2023-09

Date (UTC)






' ﬁm@“ @k@ﬁ@m@”ﬂw@@@ﬂﬁm@ % -

==== + 2 Sigma best-fit ER/NR band
4 Median best-fit ER/NR band
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® Use our Calibration data to characterise the yield

response of the detector to energy deposition, using
NEST

@ Itallow usto simulate the expected light and charge

quanta produced by a given energy deposition from

ER/NR
= S S S =Nt ® We can thus determine where our signals, and potential
o~ =~ o~ = o S P
@ qv @ @ @ .
< < e = ot background would fall in our ROI
102 . pe pe. pe A~ =
0 20 40 00 30 100 120

® We will then define a set of selection criteria to

maximise the acceptance of this signal, while rejecting
potential backgrounds


https://nest.physics.ucdavis.edu/

_Sigrial & Background Modeling

10 Detection

\ ]Selection

Efficiency

Nuclear recoil energy [keVnRr]

® Detection: dominated by 3-fold requirement (3 PMTs to be in coincidence)

® Event building: whether an event is successfully reconstructed

® Selection: efficiency due to cut acceptance

Normalized rate [a.u.]

30

¢cS1 <100 PE
cS2 €[1021,1041] PE




Electronic Recolls:
® 214Pb, 85Kr [3-decays, 124Xe
2vECEC, solar v-e- scatter

® Shape constrained with

220Rn calibration

® Rate constrained by fit to

reconstructed spectrum in
[20, 140] keVER

—

o
w
1
-~

' Sﬁ@m’]@ﬂ @k@[f@@]

) SRO 200 GeV/c? WIMP
f ER background
S T
-I ”’

y PR

I 7’

[ ~.

L /

L1 // ‘

1y = N W ~

./ =<2 & O S 00, ©

' | O % @ BB A
P 2 < 22 e
w2 w2 o2 |2
i L L L

0 20 40 60 80 100

cS1 [PE]

0t SRO

T T ;_I-l_l L )
- ~ -~

~/

200 GeV/c? WIMP
Surface background

40
cS1 [PE]

nd Modeling

10‘*; SRO

200 GeV/c? WIMP

NR background

—————————
———————————
-
——
—_—
—

—
—
—_—
p—

-

-
——
-
—
-—
o o=
-
-
-
-
-
-~
-

=
102 ” T
0 20 40 60 80 100
cS1 [PE]

10t SRO

200 GeV/c? WIMP
AC background

40
cS1 [PE]

80 100

Phys. Rev. D 111 (2025) 103040
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Electronic Recoils: Nuclear Recoils:
® 214Pb, 85Kr [3-decays, 124Xe

) 10t b 200 GeV/c? WIMP 104 L 200 GeV/c2 WIMP
29vECEC, solar v-e- scatter - SRO SR Ditckoroid - SRO

® Radiogenic neutrons from

materials, suppressed by NV
® Shape constrained with - | tagging and multi-scatter (MS)
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220Rn calibration = rejection and constrained by

sideband of MS and single-

—

()
W
1
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—
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® Rate constrained by fit to

T g s
- -~

reconstructed spectrum in “ %5 5% 35 53 T 3 5 scatter events tagged by NV
[20, 140] keVer 10%5 2040 60 50 100 0% 2040 60 0 100 | @ CEVNS, constrained by
S1 [PE S1 [PE . o g
il i neutrino flux and uncertainties
10* F SRO 200 GeV/c? WIMP 104 E SRO 200 GeV/c? WIMP

on NR emission model

Surface background AC background

cS2 [PE]

—
o
102 L L L 1 _ 102 L L L 1 -
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Phys. Rev. D 111 (2025) 103040
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Electronic Recoils: Nuclear Recoils:

® 214Pb, 85Kr [3-decays, 124Xe @ Radiogenic neutrons from

ot | 200 GeV/c? WIMP Lot | 200 GeV/c? WIMP
: ER background 3

2vECEC, solar v-e- scatter materials, suppressed by NV

Shape constrained with " S TN s e tagging and multi-scatter (MS)
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rejection and constrained by

sideband of MS and single-

scatter events tagged by NV
® CEvVNS, constrained by

220Rn calibration
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Rate constrained by fit to

T T oy rrTr
——— -~

reconstructed spectrum in

[201 140] keVER 1020 210 4IO 6IO 810 100 1020 2lO 410 610 8IO 100
cS1 [PE] cS1 [PE]

neutrino flux and uncertainties

104 k 200 GeV/02 WIMP 104 k 200 GGV/Cz WIMP
Su rface' Surface background AC background

® 210Pb B-decay from PTFE

walls due to plate-out effect

on NR emission model

Suppressed by fiducial

volume (FV) selection

Data-d riven Constrain 20 40 6IO 80 100 0 20 40 610 80 100

cS1 [PE] cS1 [PE]
validated outside FV

Phys. Rev. D 111 (2025) 103040
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Electronic Recoils:

®

214Pb, 85Kr B-decays, 124Xe

2vECEC, solar v-e- scatter

Shape constrained with
220Rn calibration
Rate constrained by fit to

reconstructed spectrum in
[20, 140] keVER

Surface:

®

210Pb B-decay from PTFE

walls due to plate-out effect

Suppressed by fiducial
volume (FV) selection
Data-driven constrain
validated outside FV
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deling:

Nuclear Recolls:

@ Radiogenic neutrons from

materials, suppressed by NV

tagging and multi-scatter (MS)

rejection and constrained by

sideband of MS and single-

scatter events tagged by NV
® CEvVNS, constrained by

neutrino flux and uncertainties

on NR emission model

Accidental Coincidence:
® Accidental pairing of isolated

S51-S2, removed by dedicated
machine learning based cuts
Data-driven modeling,
validated with sideband

unblinding
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'SRO Results | WIMPs

Blinded data analysis AC """ ER = Surface  NR
104
Expectation
134
16 Fuas

0.23 +0.06 =

AC d k02 A
Surface 14 +3 N 103

Total 154 -

Observed

0 20 40 60 30 100
gixdalab]
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Blinded data analysis

B Expectation Best Fit
ER 134 b
1 [.1+0.4
0.23 + 0.06 0.23 +0.06
AC 43+0.2 432 +0.15
Surface 14 +3 B4
Total 154 152 + 12
: 2.4
Observed - 152
Unblinding

@ Profile log-likelihood-ratio test statistic

= No significant excess observed

B ER B Wall

Neutron M AC

40 60 80
cS1 [PE]

WIMP

100
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B R B Wall Neutron M AC WIMP

1 04 L Component fraction of the best fit model
B including a 200 GeV/c?2 WIMP evaluated
at event position

cS2 [PE]
.

. l l l
0 20 40 60 30 100

cS1 [PE]

Signal-like region, containing 50%
of a 200 GeV/c2 WIMP signal with

highest signal-to-noise ratio
Outcome:

® 152 eventsin ROI, 16 in blinded region
@ Profile log-likelihood-ratio test statistic

= No significant excess observed

WIMP-nucleon cross-section o°![cm?]

1 o sensitivity

2 0 sensitivity

— PCL to median
==== PCL with B=0.16

WIMP Mass Mpu [GeV/c?]

Strongest limit: 2.6 x 1047 cm2 (90%

C.L.) @ 28 GeV/c2 PRL131, 041003 (2023)
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Gradient of discovery limit, n = —(dInc/dIn N) -1

2 3 4 5 6 7 8 9 10 11
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375 — XENON (2026)
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Geo
Reacto
Neutrino fog

SI DM-nucleon cross section [cm?]
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 How to go to lower DM masses? .7~ 47
El:ergy Cle: 7: photon detection effcency. | - ray -

Electronic recoil energy [keVEgr]
0 5 10 15

Peak reconstruction

Event building & selection S
3 <
. = -
Energy threshold: g -
S1-S2 . S2-Only = a¥
DM . ] S
mass > O(10) GeV O(1)GeV : <O(1) GeV s
+—)t =
A 00
s1 000 o000 | :
o0 o0 0 20 40 60 80
: Nuclear recoil energy [keVnRr]
13 e 3 e ; 1 e
ER: 0.6 keV : . ER: 13.7 eV

Bt NR:3.8keV NR:0.5 keV ; -

*>10% efficiency
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f How to go {E@ -

ower DM masses? .7 .7 47
El:ergy cle: Jetection efficiency. | - -

Electronic recoil energy [keVEgr]
0 5 10 15

Peak reconstruction

Event building & selection ’5
5 <
. = o
Energy threshold: g 0.6 g
S1-S2 . 8§2-Only i= 3
DM : H 04 >,
mass > (9(1 0) GeV 0(1) GeV . < 0(1) GeV : ;
—ttt =
: 0.2
A A
s1T 000 200 00
L X 0 0 20 40 60 80
: Nuclear recoil energy [keVnr]
13 e 8 e ; 1 e
Eih ER: 0.6 keV ] . ER:13.7eV Cost: Potential Larger Background!

NR: 3.8 keV NR: 0.5 keV - -

*>10% efficiency
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DM-nucleon og; [cm?]
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DM-neutron osp [cm?]

lonisation signal only

XENONNT resulté
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(a): SI DM-nucleon scattering

DarkSide-50 (2023)

Xe neutrino fog
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(b): Light mediator my < 10MeV/c?
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(c): SD DM-neutron scattering

(d): DM-electron scattering
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https://journals.aps.org/prl/abstract/10.1103/2lrq-f6bk
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’ Or to use Migdal effect

— = ———

Electron cloud §

//’—‘ not ionized o

. Inner electron Elastic 0 / \ (in most cases) 2

Nuclear Recoill shell is perturbed Scatter ’\ -
\ / =

N :

- &

¢

@

® 5 ray
Migdal @ /// \ lonization &
Effect | excitation
‘ >\ (low probability)

\
N /

S—= credits to J.Bang

@ Particular topology of events (ER+NR component from the same vertex)

= Readjustment of the electron cloud = emission of a ~O(100) eV electron = lonisation signal

(can be detected)

= But it have a cost: signal rate is suppressed...



 Migdal effect | XENONAT results

— — — = — = — = —

)ZENON Collaboration, Phys. Rev. Lett. 123, 241803 (2019)
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(5. Liu, on behalf of the MARVEL group, at IDM 2026
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https://indico.capa.unizar.es/event/40/contributions/952/attachments/714/1389/MARVEL-20260603-IDM.pdf

_ Future perspective

Towards a multi-ton scale xenon observatory

XLZD consortium: Merger of leading collaborations for a
future multi-ton scale Xenon-based experiment

60-80 T of Liquid Xenon
To find WIMP interaction down to
the neutrino fog, and much more




® Solar 8B CEVNS
@ So
@ Solar axions

ar pp neutrinos

Double Weak Decay

®

®©@ ® @

124Xe 2vECEC capture
136Xe 0vPBP decay

124Xe 2/0v(EC,[3*) decay
136/4Xe 2/0vP3P decay

10 keV

100 keV

WIMPs DM candidate

® Spin-independent
® Spin-dependent
® Sub-GeV

Other DM candidate

@ Light DM
® Heavy DM
@ Bosonic DM

~

| Primary goal = DM direct detection at low- §

- 0 - 3 nd . o —

energy recoil in our xenon target

Lower background level = open new
physics channel...







New resultsfromlLZ ~ -~ /0# 55

5.0

® Observe one event at ~250 keV NR

recoil energy

® expect no Background in that ROl
(far from ER Band)
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EFT ﬁ@MS@@F@h §

® Search performed at much higher recoil
energy than the standard WIMP analysis,
which usually induce E; < 100 keV

@ Effective Field Theories (EFT), provide a

more general framework for DM

scattering than the usual SD & S
treatment, and can also cover inelastic
Interactions
® Inthat we can expecta
suppression of the expected rate

at low-energy recoil.
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, What @[F@ﬁh@ implications? . - %

@ Did we find DM? We don’t know yet, it is only a

2.6 o global significance.
@ Careful attention of the Background modeling, did

they miss any potential source?

o Next steps? Really interesting, but too soon
® LZ still have more data available, they didn't to conclude anything, and
use everything yet claim the discovery of DM.

@ Other experiments, like XENONNT, can
perform the same search and confirm or

reject the observation



fuzzy DM

pre-infl. QCD axion

post-infl.
CD axion
“classical”
QCD axion

—
QCD axion

Search for axions:

Particle-like

—

eV keV MeV GeV

general thermal WIMP

sterile

i A
neutrino

ADM

non-thermal WIMP (FIMP)

p——
standard

thermal WIMP
(e.g. SUSY neutralino)




 Listening to Dark Matter
Two problems, one particle

® QCD allows a CP-violating term, the angle 0. It
would give the neutron an electric dipole moment;
experiments say 0 < 10-10. Why so small? The
strong CP problem

® Peccei & Quinn (1977): add a new field that relaxes

this away. The leftover ripple of that field is a
particle: the (QCD) axion.

® Bonus: the early Universe naturally makes a huge

number of them, cold and slow: exactly what DM

needs.

WIMP vs axion
WIMP
Mass ~ 100x a proton

Numberin 1 cm?

Behaves like

Wavelength

Detector sees

about 0.003

a billiard ball

smaller than a
nucleus

one nucleus being
kicked

Axion

~ 10" x an electron

about 10™

d Wave

metres

a faint, steady radio
hum
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| 1 A magnet turns the axion wave into light
big magnet (10 T)

_________________ Axions barely talk to anything, but in a strong magnetic field they

=

(about 1 GHz for the masses we expect).

A resonant box makes it louder

Like a wine glass ringing at one note, a metal cavity stores waves

; of one frequency. If the axion's frequency matches, the signal
radio wave builds up thousands of times.

metal box
that 'rings’

I

axion wave
at one

f . .
rEAnEney 3  Then you listen, very quietly
The signal is ~107** W: a few hundred photons per second. So the

whole thing is cooled to 0.1 K and read out with the quietest
amplifiers in existence.

N e —— - - 4 ..and turn the dial

- amplifier = listen for a peak in the noise We don't know the axion's mass, so we don't know the station.
then move the tuning rod and try the next frequency Move the rod, change the note, listen again. Thousands of times.



 QCD Axion search landscape

10°

How to read it b
° Across: axion mass (log scale). Up: 108 ‘?(?gﬁ‘
coupling to light. Shaded regions are 10-9 Solar v/ SN}I‘??“
ruled out — - CAST
| _ i 10-10 YT WD Globular clusters
° Yellow diagonal band: where a QCD axion T g — o
must sit (KSVZ, DFSZ). The target > 10" S S A 53
M87 SN1987A ™ =" 2
g Red: lab experiments. Haloscopes Q_'D) 1= e MWD g é 2 9
(ADMX, HAYSTAC, CAPP, QUAX) tuned in = 113 R . (%,//
and heard no peak: the only ones ; ‘ ;’f
reaching the band. CAST looked for solar e 1005 Q
axions turning into X-rays in a magnet. b% 10-15 g
ALPS, OSQAR: laser through a wall = y ,
° Green: stars and astrophysics. Axions 10
would carry heat out of stars or appear as 10~
extra photons from supernovae and 10-18 XMM-Newton
pulsars. Not seen INTEGRAL
10_19 URRALL AL DAL B B AL DAL LSRR AL EEEAL AL B SRR R AL B
° Blue: telescopes. Heavy axion dark \0/\1\ 0/\\\ Q/XG\’Q/‘) \0/%@/7 \’0/6\’0/5\9/0‘@/’5\,0/1\’0/\ \00 \Q\ \Q'L \,03 \QD‘ @6 @6 X@
matter would decay into visible or X-ray
photons. The sky is too dark for that ma [eV] 13

https://github.com/cajohare/AxionLimits
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What matters about the box Three shapes of 'radio’ for three mass ranges

° Size: more volume, more signal. But size sets the note (a 1 GHz . Light axions (bElOW ~1 uev kHZ—MHZ)
box is ~25 cm wide), so heavier axions force smaller boxes ’

Wavelength of kilometres, so no box can hold it. Use the magnet to

° Shape: only the part of the wave lined up with the magnetic drive a current and pick it up with a coil and a SQUID, like a giant, very
field counts. A plain cylinder keeps ~70%; rods and odd shapes cold inductor.
lose some
ABRACADABRA, DMRadio
° Quality: how long it rings. Copper ~10° oscillations;

superconductors or sapphire reach 10° but must survive 10 T

Middle range (1-50 peV, ~GHz)

The sweet spot: microwave cavities of litres to tens of litres. This is
where the most sensitive searches are today.

© Plus the magnet (signal < B?) and cold, quiet electronics

. i ) ADMX, HAYSTAC, CAPP, QUAX
The catch: heavier axion = higher frequency

° Shorter wavelength - smaller box - less signal ’ Heavy axions (above ~50 uev’ 10-100 GHZ)

_ . Replace the single box by a stack of dielectric discs, an artificial ‘plasma’
* Copper boxes ring less well at high frequency of wires, or a broadband dish plus a single-photon counter.
° Even a perfect amplifier gets noisier (quantum limit)

o So at high mass a single box stops working MADMAX, ALPHA, BREAD
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https://abracadabra.mit.edu/

Three shapes of 'radio’ for three mass ranges

. Light axions (below ~1 peV, kHz-MHz)

Wavelength of kilometres, so no box can hold it. Use the magnet to
drive a current and pick it up with a coil and a SQUID, like a giant, very
cold inductor.

ABRACADABRA, DMRadio

Middle range (1-50 peV, ~GHz)

The sweet spot: microwave cavities of litres to tens of litres. This is
where the most sensitive searches are today.

experiments/admx.html

ADMX, HAYSTAC, CAPP, QUAX

Heavy axions (above ~50 peV, 10-100 GHz)

Replace the single box by a stack of dielectric discs, an artificial ‘plasma’
of wires, or a broadband dish plus a single-photon counter.

MADMAX, ALPHA, BREAD
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Particle-like DM (WIMPs, sub-GeV DM)

Wave-like DM (axions, dark photons, ALPs)

Mass range

What you look for

The enemy

Where

Key hardware

Sensitivity grows
with

What you scan

Examples

Above ~ 1 eV: few particles per cm?, each carries energy

Rare, single events: one nucleus or electron kicked, a few
times a year

Radioactivity: radon, cosmic rays, neutrons, and eventually
neutrinos

Deep underground, under a mountain

Radiopure materials, shielding, muon veto, event
discrimination

Target mass x time (exposure) and lower background

Nothing: one detector covers a wide mass range at once

LZ, XENONNT, PandaX, DarkSide, SuperCDMS

Below ~ 1 eV: so many per cm? that they add up to a classical

field

A continuous, very narrow oscillation, present all the time

Noise: thermal and quantum noise of the resonator and
amplifier

A surface lab is fine, no need for rock overhead

Strong magnet, tunable resonator, 0.1 K fridge, quantum-
limited readout

Field strength, volume, Q, lower noise, time per frequency

Frequency: you must step through masses one by one

ADMX, HAYSTAC, MADMAX, DMRadio, CASPEr






