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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
Application to Neutrino Physics

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 [@@[@m ‘.
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@ Fourth generation of XENON experiment

= Based on the same detection technology: dual-phase Time Projection Chamber
= Already demonstrated the scalability of this technology
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X @ XENON10 X © XENON100

Time @ 2005 2008

Active mass ‘ 15 kg 62 kg
[t.day.keV] Background‘h‘ ~1000 53

[cm2] DM Sensitivity (@) 0+ ~10-45

* = Projections
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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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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?
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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



Xenon Properties

Why X@@@ﬁ?
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e

® 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) =

“Modest” cryogenic

XENONnNT 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: = 50 GeV

cm?

Q
|l
(W
<
N
N

® Can build compact detector and can be scaled to largest mass 55!

—
o
N

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

—— Helium
—— Fluorine
—— Argon

—— Germanium
—— Xenon

"Modest” cryogenic 10

@ Act as both atarget and detection medium!

Event rate [/keV/ton/year]

J. Billard, Ecole de GIF (2016)

| ||IIIII‘ | ||IIIII‘ | ||I||||| T

IIIIIIIII|III|II|III|III|IIIIII|III

O 20 40 60 80 100 120 140 160 180 200
Recoll 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
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XENONA1T
UPGRADE

Rn distillation

water shield cryostat cryogenics

GXe purification

muon veto

\1 ! \: .‘ S\ 7 ¢ ' - é& /4 N\ ~4:%; 75, ==
Na V= A B A / | N
> \ \ L

neutron veto

Kr distillation

ReStoX-ll

LXe purification

XENONNT




XENONNT Experiment Overview
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XENON1T |
UPGRADE!

Rn distillation

water shield cryostat cryogenics

GXe purification

1
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UPGRADE!

- XENONNT Experimeint Overview

XENON1T

water shield cryostat Cryogenics  cye purification Rn distillation

muon veto

N —

SAARNNNNY

LLAALERIANAY 'Y

L LERRRNNRY

neutron veto ‘\ O 2 —

ReStoX-l|

152
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UPGRADE!

- XENONNT Experimeint Overview

XENON1T

Rn distillation

water shield cryostat cryogenics

GXe purification

muon veto

Ce—
N —

SAARNNNNY

LLAALERIANAY 'Y

L LERRRNNRY

neutron veto

ReStoX-l|
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XEN@N@T Ex@@ﬁﬁm@mﬁ@W@Wﬁ@W .

More target mass

Reduced background level

XENON1T
UPGRADE

water shield cryostat cryogenics Rn distillation

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

Sample  Component Manufacturer Facility = Mass [kg] Livetime [d] Units 28y 25y 226Ra  22Ra (**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 mBq/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 — — mBq/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) 043(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:

—

Lo 2 ' @ Material selection/cleaning

® Self-shielding with LXe:
® LXe Shell

) ¢ s o i s'\'\\ — o . o o
el € L2 N c | < /
nd 74 k O IAQUCIallZatioNn

a \ y 18 - R —

il : : =\ E

A g @’ = ~ P ?

j s / £
« W =N o |

Cryostat with LXe Shell



XENONNT Experiment Overview
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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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How to achieve an ultra-low background experiments:

® Material selection/cleaning

Selt-shielding with LXe:
Active Shielding

®@ ® @

Underground laboratory

: " Electronic & Data
Acquisition
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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
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|
GXe )
=

I
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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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-] , ..........................

ﬂ Cable feedthrough 1&2 éMag ) @

Y\ jPUINP
Cable pipe 2

gpuﬁﬁer

M

Off-gas
(high Kr)

7‘\ g

Top condenser

"

‘_.‘ &Y ] -
i i‘\; ___f

Package tube

‘*"«‘—-A-

Gas outlet
(low Kr)

Gas inlet

v .f' " \
/ — " !
i | e
- G
o< e

Heat exchanger

Input condenser —=

Reboiler — |

XENON Collaboration, Eur. Phys. J. C (2017) 77: 881



— e —— e

Electron Lifetime [Us]

we———
- High Efficiency O, Filter (High Rn) |
Data (purity monitor) P i
Model — Ve
/A
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/
10 / _
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_ Purffication systems

- Parameters /
[ LXe mass: 8620 kg

O, outgassing: 0.11 mg/d
Filter efficiency: 100%

Cryogenic LXe Purification (2 LPM)

GXe Purification (60 SLPM)

' l AL A AL l A ' 'S l A L L l A ' ' l L L A l ' ' AL I AL A L l L A A l s A A

0O 2 4 6 8 10 12 14 16

Time [d]

18

20

222Rn Activity Concentration [nBqg/kg]

Norm. Res.

4.07

3.5

3.0

2.5

2.0

1.5

N
o wu

N\
o1

Radon Removal System:
GXe-only mode

Radon Removal System:
GXe+LXe mode

i
— @© T
c 5 ]
| 1.8 uBg/kg 3 9 -
- 5 T i
[ 1 l l l } ; © Preliminary
¥ ;3 } b = 8 -
"! | _l i |i ) "l ' © 8
: R T - _
l £ 5 0.8 uBq/kg ]
S g -
y 55 i Lo R g B i
[ S i H }{}} } ;
1 1 1 1 1 L/ y A 1 1 1 1 1
r / / ]
. N P P P P S R y AN BN B B B PR T
0 20 40 60 80 100 1207 7 340 360 380 400 420 440

Time since 01 July 2021 [d]

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

®
®

Radon intrinsic contamination < 1 uBg/kgxe

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

® 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
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* Eextraction
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TPC W@Fkﬁ@@ Principle
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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]
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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

;;
M NN SN OSSN S BN SN BN S RS e e e .
- |

® Interaction type Nuclear Recoil (NR)/Electronic

g——_= F o s Recoil (ER) through S1/52 ratio

o

particle &

2 $2
s1/).5 \si

NR ER



_TPC W@Fkﬁ@@ Principle

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]
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© 14 | U D 20
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® ® E £
T B 15 S S
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£ 05 - U £ 10
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==== + 2 Sigma best-fit ER/NR band
i Median best-fit ER/NR band
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Signal Characterisation and Correction

@ 83mKrinternal calibration source:

) Jcllice sives € @32 ) ke & 9 4 kel

= Building block of the signal correction
3 Electronic Recoil Calibration

; ® 220Rn internal source

= 212Pp (3-decay offer ~flat energy spectrum in ROI

bl & . . o ® 3/Arinternal source

2 e = = = =I1= .
~ > >~ 7~ R = ER line from K-Shell @ 2.8 keV
e 2 2 2 2: < .
Z Z Z Z = |2 = Validate detector performances & study threshold

102
0 20 40 60 80 100 120
cS1 [PE]

Nuclear Recoil Calibration
Fraction of ER events below NR median is 1.1 %

® 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
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Energy reconstruction
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- XENONNT Fﬂ[f@{t Science runs

Background 220Rn 222Rn mm 37Ar
83mKr 232Th AmBe Maintenance
88 88 & distillation
vbe Y (S1-only)
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Dark Matter in the Milky Way:

Science runs:

38
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Might look sad, but the stability is actually good :)
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Why lOOK atIéR fi ;s? ;

, SR F&@@@JH{E@ | Low-Electronic Recoil

@ Excess of ER events < 30keV observed in XENON1T

corresponding to a 3.3 o fluctuation (PRD 102, 072004)

= Background: tritium B-decay, or...

= Physics: solar axion, ALPs, v magnetic moment

@ XENONNT could give a final answer in few months
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Why look at ER first?

@ Excess of ER events < 30keV observed in XENON1T

corresponding to a 3.3 o fluctuation (PRD 102, 072004)

= Background: tritium B-decay, or...

= Physics: solar axion, ALPs, v magnetic moment

® XENONNT could give a final answer in few months

120 I L ) 1 I 1 ) L 1 l I L ) 1 I 1 L L] 1 l L} L ) | I 1 L

XENON1T .

DO
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~16 events/(t.y.keV)
Lowest ER rate

achieved with

such detector

Jay [GeV~']
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47

Result from XENONNT SRO

® No excess found in XENONNT and an excess of the
XENON1T magnitude is excluded at 8.6 ¢.

® Setnew limits on physics model PRL 129, 161805 (2022)
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— 214Pb

® No excess found and an excess of the 857
r

NON1T magnitude is excluded at 8.6 o.

— 136Xe _ 124Xe

Solar v
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' SRO Results | Low-Electronic Recoil

® No excess found and an excess of the

XE

— By
{ Data

— 214Pb
85KI‘

Solar v

— 136Xe _ 124Xe

L 83mKI‘
Materials — 133Xe

NON1T magnitude is excluded at 8.6 o. 50
120: L L AL R A S D L LR R R I N N . 40 |
100k l XENONI1T i >

: | Ll | l 5 %5
. i ] .17 <4 | i_’/
Z gof . ﬁ [T >
S 40f " i ~
S XENONNT l : i
) s
: it I :
% 510 15 20 25 30
Energy [keV]
S 0
-2
0

| } l

G089l ‘6¢l 1dd

— A
1 /

------------------- 21 Double weak processes (124Xe 2vECEC & 136Xe

I

2vPP) start to be a dominant contributor!
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SRO Results | Low-Electronic Recoil /7.7 & 42

® No excess found and an excess of the — By — *Pb — 13%Xe — 12%Xe — 83mKy
: : t Data 99Kr Solar v Materials — 1%9Xe
XENON1T magnitude is excluded at 8.6 ¢. 20 .
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FnergytkeVl  f e 2 Double weak processes (124Xe 2vECEC & 136X
—2 2v[3[3) start to be a dominant contributor!
0 20 40 60 30 100 120 140

Energy [keV]

® Measurement of the 2VECEC half-life of 124Xe with  SRO+SR1 XENONA1T:  T7°FC = (1 1 £0.2g¢5¢t +0.1gys ) X 10 yr

improved uncertainties compare to XENON1T.




' SRO Results | Low-Electronic Recoil

Comparison with our competitors

H4Or PandaX-4T :
PandaX—4T, PRL 129, 161804 (2022) 120 F _
ok .'
XENONIT, PRD 102,072004 (2020) % of + XENONIT -
E 60:— .
LZ,PRL 131, 041002 (2023) 50
5 40 s -
XENONNT, PRL 129, 161805 (2022) 20 // XENONnT " . . . e - -

Energy [keV,.]
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HEE AC B ER Bl Surface WIMP

Background model in cS1/cS2 space:

Electronic recoils
® Dominated by B-decay of 214Pb (intrinsic to the LXe target)

® Suppressed by ER/NR discrimination

Accidental Coincidence
® Random pairing of isolated S1 & S2 signals

he VAl [l od Y

® Suppressed by dedicated analysis cuts

Surface
® 210Pb plate-out on PTFE walls of the TPC

® Suppressed by FV.

a6 0 40 60 30 100
cS1 [PE]

We are performing a blinded
data analysis!

Nuclear recoil (same shape as WIMP)

@ Radiogenic neutrons spontaneous fission & (@, n)-reactions
® 8B CEVNS constrained by flux




SRO R@@MH{E@HWM@ |
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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)




, SRO F&@Smﬁg | WIMPs
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Reinterpreting results as a purely spin-dependent coupling to 129Xe and 131Xe

1 0 sensitivity 2 0 sensitivity 1 0 sensitivity 2 0 sensitivity
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WIMP - neutron coupling WIMP - proton coupling
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WIMP-proton cross-section o, [cm?]
e
O
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10—42
10 102

WIMP Mass Mpy [GeV/c?] WIMP Mass Mpyv [GeV/c?]

WIMP-neutron cross-section o},?[cm?]



lower DM masses?

, How to go -{E@ -

® Energy threshold driven by requirements on the

)
O

T EE R minimal size of S1/52 signals considered to build an

event (interaction)

&
o0

® We ask signal to have at least 3 photon
detected (3 hit) to be considered as a valid S1

&
o

® Leadto anthreshold in energy (from

&
IN

Preliminary reconstruction) ~ 1 keV

O
N

S1 Detection Efficiency

§ Waveform Simulation @ To lower the energy threshold, one can:
Data-driven Method ® Lower this requirement

&
=

0 S 10 15 ® Orremove completely the S1 requirement
Number of Photons Detected

@ Cost: Larger background
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SD DM-neutron o [cm?|
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XENON CoIIaboratlon Ph S. Rev |_ett. 123 251801 (2019)

XENON100 S2-only

PandaX-II
XENON1T

(this work)
Dotted: NEST Qy

(A): SI DM-nucleus scattering

—

DarkSide-50 S2-only

XENONI1T
(this work)

| Dotted: NEST Qy

(B): Light mediator
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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)
1072 | L. Spiln-independent | | N
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_ 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







ER

r X . A
WIMPs DM candidate Other DM candidate
® Spin-independent ® LightDM
=  PRL131,041003 =  PRL123,241803
= PRL119, 181301 =  PRL 123, 251801
=  PRL121, 111302
| @ Heavy DM
® Spin-dependent =  PRL130,261002
=  PRL131,041003
=  PRL 122, 141301 @ Bosonic DM
o SubGeV L
= PRL122,071301 - ’
. =  PRD 103, 063028 y

' XENON Physics Program .

sijnsal }saje] JUNONIX

J- S S e - 3 nd S-S -

Primary goal = DM direct detection at low- §
energy recoil in our xenon target




Al

=  PRD 94,103009

® Supernova neutrinos

~

.

@ Solar axions

@ Solar3B CEVNS A
=  PRL126 091301

@ Solar pp neutrinos
-  EPJC80:1133

= PRD 102,072004

r 5 . A
WIMPs DM candidate Other DM candidate
® Spin-independent e Light DM
=  PRL131,041003 =  PRL 123, 241803
-  PRL119, 181301 = PRL123, 251801
=  PRL121,111302
| @ Heavy DM
® Spin-dependent =  PRL130,261002
=  PRL131,041003
=  PRL 122, 141301 @ Bosonic DM
o SubGev L
=  PRL 122, 071301 = '
. =  PRD 103, 063028 y

sijnsal }saje] JUNONIX

J- S S e - 3 nd LN -

Primary goal = DM direct detection at low- §
energy recoil in our xenon target

Lower background level = open new
physics channel...
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® Supernova neutrinos
=  PRD 94,103009

~

, 'XENON PW@ﬁ@@ Program- .

.

)

-

)

@ Solar3B CEVNS )
PRL 126, 091301

@ Solar pp neutrinos
EPJC 80:1133

@ Solar axions
PRD 102, 072004

Double Weak Decay
@ 124Xe 2vECEC capture

- PRL129, 161805
- PRC 106, 024328
- Nature 568, 532

@ 13¢Xe OvBPB decay

=  PRC 106, 024328
=  EPJC80:785

@ 124Xe 2/0v(EC,*) decay

- EPJC 80:1161

@ 13¢/4Xe 2/0vp3[3 decay

= PRL125,171801
= PRD 102,051701
=  PRD 103,055019

~

r

WIMPs DM candidate

® Spin-independent

= PRL131,041003
= PRL119,181301
= PRL121,111302

® Spin-dependent
-  PRL131,041003
-  PRL122, 141301

® Sub-GeV

= PRL122,071301
= PRD 103, 063028

Other DM candidate

@ Light DM
- PRL 123, 241803
- PRL 123, 251801

@ Heavy DM
=  PRL130,261002

@ Bosonic DM

= PRL129,161805
=  PRD 102, 072004

J- SN

sijnsal }saje] JUNONIX

1 MeV

~ = -

| Primary goal = DM direct detection at low- §
energy recoil in our xenon target

Lower background level = open new
physics channel... up to the MeV scale
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, . XENON PW@ﬁ@@ Program- .

Double Weak Decay

N
, N
® Supernova neutrinos @ 124Xe 2/0v(EC,[3+) decay
124Xe 2vECEC capture
= PRD94,103007 y © P = EPJC80:1161
g PRL129, 161805 136/4
® Solar8B CEvNS ) =  PRC 106, 024328 © Xe 2/0vBP decay
=  PRL125, 171801
= PRL126,071301 T e )08 3% =  PRD 102, 051701
. @ 13¢Xe OvBPB decay '

@ Solar pp neutrinos =  PRD 103,055019
@ Solaraxions = ERJC80vES

=  PRD 102, 072004

¥ 100 keV 1 MeV 3

a . . )
WIMPs DM candidate Other DM candidate T S TS S
© Spin-independent o Light DM x Primary goal = DM direct detection at low- §
=  PRL131,041003 _ o PRL123 241803 z energy recoil in our xenon target
=  PRL119,181301 =  PRL 123, 251801 CNE ittt ettt
o PRUIELATS0E © Heavy DM > Lower background level = open new
® Spin-dependent - PRL130,261002 8 physics channel... up to the MeV scale
- PRL 131, 041003 : P DRI :
= PRL122, 141301 Bosonic DM £ . .
CubGaV ® e era0e 3 High energy search in a detector
® Sub-Ge ' . .
. PRL122 071301 ; =  PRD 102, 072004 design for low energy rise challenges
L =  PRD 103, 063028 y - . f .
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Solar neutrinos

Neutrino Interaction:

Electroweak interaction
Charged and Neutral Current

(EC & NIC)

Coherent Elastic Neutrino

Nucleus Scattering (CEVNS)

Neutral Current (NC)

XENONNT WIMP background projection
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— Xe suitable for CEVNS

JCAP 11,031 (2020) | ARXIV:2007.08796

@ lIrreducible Background

source for direct detection

DM experiments.

® Already relevantin XENONRNT.

® Can be seen asasignal too.



8B solar-neutrinos

8B

l

8Be + et + Ve

® In XENON1T 8B CEVNS falls far belon  **

our previous analysis threshold.

® 0.01% signal acceptance!

® Improvementsin energy threshold

required.

Lowering Energy Threshold :

® Energy threshold driven by:
® S1tight coincidence: & = 2 PMTs see light within 50 ns
® S2threshold: Require S2s > 260 — 120 PE (4 e-)

® 100-fold increase in Accidental Coincidences background:

® High energy events = subsequent AC events.

® Compensated with ML-classifier cut.
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8B solarneutrinos

XENON1T Result:
® No positive detection of CEVNS signal in XENON1T:

® Use lowered threshold to set improved low-

10—40
mass WIMP limits down to 3 GeV/c2. ‘\

Very recent news ;) —— CDMSLiw (2018 |

: . CDEX-10 (2018)
@ First observation of CEVNS events from 8B solar

neutrinos is highly expected with XENONNRNT.

DarkSide-50 (2018)
10-43

XENONI1T S2-only (2019)
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DM-nucleon cross-section og; [cm?]

: : 10-44 1 iy
Next generation perspectives: :
. e ———
, 10451 Th: e
@ Precise measurement of the neutral current - N 'S Wory,
. —a6[_ oa
component of the solar 8B neutrino flux. e a0 B et G
F"‘" DM discovery threshold (1000t X y)
1047 | ! ! ! ! N ! ! | |
3 4 0 6 7 3 9 10 11 12
® Hep branch, Diffuse supernova, and Atmospheric DM mass [GeV/c?]

neutrinos will be no longer negligible.
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XENONNT Solar 8B CEVNS Search Results | Asympiotic discovery significance 2

10 | | 1 | | |
: Background-only toy data
1 . --- Observed qo: 7.14
SNO, 2013 (68%) : p-value: 3.2 x 1073
I Significance: 2.73 o
0.1 .
2 |
PandaX, 2023 2 1072 i
O
XENONNT, 2024 = 10-3 :
[
1074 i
[
10—° i !

0 10 20 30
Discovery test statistic qg

We have measured the solar 8B neutrinos

via CEVNS in XENONNT at 2.73¢

The first CEVNS measurement with Xel
0 D 10 15 20 - The first astrophysical neutrino

8 - 6 —2o-1 _
B neutrino tlux [10” cm™%s™"] measurement via CEVNS
F. Gao, on behalf of XENON Collaboration, IDM 2024

Test statistic g,
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@ Excellent precision in solar neutrino flux measurement: T T
— . £ pp A KamLAND
® 0.15 % precision for pp neutrino. . 1 v SNO
"Be
® 1% for7Be neutrino B
T + :
. o B
® Scenario: 30t FV mass (300 t.yr exposure) 2 0.5
® Assuming 0.1 uBg/kg 222Rn/Xe concentration 0.4F |
0.3F f
Precise measurements of electronic solar 01 g . 0
neutrino survival probability and electroweak - bty aat e
mixing angle using pp neutrino — 30 ty (natural)
- 30 ty (depleted)
= 300 ty (natural)
- 300 ty (depleted)
@ First measurement of sin2 @ in this energy range, but ~ 0.6
=
with larger uncertainty than those at higher energies. .
&
. . .
@ sin26y uncertainty = 5.1 % i
® Peeuncertainty = 4.0 %

NGES| EPIC 80:1133 (2020 | ARXIV:2006.03114 L L AT I




Supernovae -

=

@ Flavor blinded measurement of neutrino flux through .
. 30| 27 Mgun, LS220 EoS -
CEVNS events for the community . —— DARWIN (40t)
; : : - XENONDNT/LZ (71) -
@ Contribution to the upgraded SuperNova Early Warning = E — XENONIT (20)
System (SNEWS-2.0) with XENONNT and DARWIN. o :
................... B
- 27 Mgy, L5220 EoS =
= 0.1 <ty,<1.0[s] gﬁ P =
> . = 5L
= | 1o intervals 7 :
<ol — XENONIT 2t) - = |
= — XENONnT/LZ (7t) - = 3l e
90 - - DARWIN (40t) ' e B g -
% 4'_ — = true flux _ © (i:
= === ML reconstruction A '
= =3
o 2
£ 2f I+ St
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G Probe BSM physics

® Neutrinoless processes (e.g. 0V decay) can shed light on the true

nature of neutrino (Dirac/Majorana) and explain matter/anti-matter | 12

asymmetry in the Universe.

Effective axial-vector coupl

Nuclear Matrix Element (N

e Help to test nuclear models | -

® Second-order weak processes offer an opportunity to constrain NME B5M physics driving the decay

nase Space Factor (PSF)

calculation, which suffer from large uncertainties (# nuclear model).

e Because we can!

® Xenon isotopes undergoing double weak processes (124Xe, 134Xe, 136Xe) are naturally present in our detector!

® Our detector is sensitive to their signal. = Electronic Recoil.

® Itcan be a potential source of background for other physics channels. = It needs to be understood.
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Dark Matter direct detection: Neutrinoless double beta decay:
upp . (A, Z) - (A, Z+2)+2e + 20,
Ovpp: (A,Z) - (A, Z+2)+ 2e”

WIMP
Qv
3 3 Bp
O O
Recoil energy Summed e- energy
® Signature of DM interaction: WIMP-nucleus @ Signature of double-pp decay: energy deposition
scattering = Nuclear recoil. from the two emitted electrons — Electronic recoil.

® Recoil energy at the ~ keV scale. ® Q-value of the process (Qpp) ~ MeV scale.
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—— Total 15 C-— Qg5
Materials ~ —— 214B; - - . .
S arera o1, TRC Region of interest ® Main background from Bi214 gammas
—— °Bsolarv .. 214Bj Shell OvBB (1000 days)
— 136xe T Tip=21x10%yr from the materials
102
1 ® 2vBP spectrum dominant below 2 MeV
10
R — New era of precise measurements of
>, L -
T, qo-1 the spectrum with high statistics
[N
v 102
~ ; | ® Lower limitat 90 % CL from
+—J -3 .
c 10 ‘\‘N/ v\ m— profiled likelihood ratio
10~ ‘ W : N N, X X P
-\ L A X Hxe136 SS
Am I\ \ TP = 1n2 x
10-5 | | | | I 172 A X M
1600 1800 2000 2200 2400 2600 2800 3000 3200 Ovpp A

Energy [keV]
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® Notyet competitive with dedicated Ov[3[3 experiments:

= Non-enriched target.

= Materials optimization for DM search (SS Cryostat).

@ It demonstrates the potential for future xenon DM experiments.

= The next generation of xenon DM experiment (e.g. DARWIN/
XLZD) can approach the sensitivity of dedicated Ov[3[3

experiments.

Simultaneous search for DM and

STRENGH

0v[33 decay in a single detector
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