(NN Scintillation VS lonisation
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With the previous equations we can define the recombination-independent sum
EO — (Nq +Nph) ) th

The recombination-independent energy required to produce a single detectable quantum, N, or N,
is also called the W-value (note that Nq + Nph = N, + N,, for any value of r)

We will thus use W, = W (this assumes that each recombining electron-ion pair produces an exciton,
which leads to a photon)

Later we will see how it can be measured (for example, at fixed energy interactions, by varying the
electric field, or using different lines at different energies, for a given field)

13.7+0.2
11.5+0.2

W-value [eV] 19.5£1.0
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(INFN Linear Energy Scale for ER
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ENERGY CALIBRATION

>

With the energy deposition being described as

Ey=(N,,+N)-W

W is the average energy required to produce a single excited or ionized atom (and for NRs we must also
consider the “quenching factor”)

|

As we shall see, in two-phases TPCs, the observed light and charge signage are called S1 and §2, respectively,
and these are related to the detector-specific gains g, and g,. We then obtain

<Sl S2>
EO - -+ . W
81 82

g, is the total photon detection efficiency, g, is the charge amplification factor,. These are determined by
using mono-energetic lines from various calibration sources

>

>

g, and g, are typically given in terms of number of photoelectrons (PE) per quantum, or in terms of
detected photons (phd) per quantum

" typical values: g, = 0.15 PE/photon (XENON1T), 0.11 phd/photon (LUX), g, = 0.16 PE/photon

(DarkSide-50); g,= 10 PE/electron (XENON1T), g, = 12 phd/electron (LUX), g, = 23 PE/electron (here
per extracted electron, DarkSide-50)
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ENERGY RESULUTIUN Example XENON100 Example EXO-200
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THE DOKE PLOT

4

. : : : 2 ©

One can also rewrite the previous equation as follows: ] 73

\ “ \\
) - S ! A
Q,=——L +— V2 '/V)/
: = (&
8 4 | * O
- @ d\)/
since we can measure S1 and S2 for clear spectral features, R« \' /@
and E, is known, one can estimate g, and g, from a so-called i
. N
Doke plot: a plot of Qy( = S2/E,) versus Ly( = S1/E) /‘D/[
L &

* From a linear fit one can thus extract g, g, and once these are

known, reconstruct the energy of an event ] =

Ly — 1/E()
& ( of = 57 ) W
0= + '
ol & S2

* Hence g, and g, are simply the proportionality factors ST

between produced number of photons and electrons, and

detected ones, for each signal k

>

>

for S1: mostly the efficiency of detecting photons

X Nph v AT,

>

for §2: it includes the extraction efficiency, secondary

amplification, etc Nph . Nex e ]\]l Nq =(1-r)- ]\]l
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THE DOKE PLOT

>

One can also rewrite the previous equation as follows:

82 82
Q_\, = — —L}. +

81

since we can measure S1 and S2 for clear spectral features,

and E, is known, one can estimate g, and g, from a so-called

Doke plot: a plot of Q,( = S2/E) versus L,( = S1/E)

From a linear fit one can thus extract g, g, and once these are

known, reconstruct the energy of an event

S1 52
81 82

Hence g, and g, are simply the proportionality factors

between produced number of photons and electrons, and
detected ones, for each signal

>

for S1: mostly the efficiency of detecting photons

>

for §2: it includes the extraction efficiency, secondary

amplification, etc
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INFN Linear Energy Scale for ER
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THE DOKE PLOT _ e
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FIG. 22. Anti-correlation between the measured light yield
and charge yield using mono-energetic lines. The black solid
line represents the best linear fit to the data obtained from
3TAr, 8mKr, 129™Xe, and !™Xe low-energy lines. Data
points derived from high-energy lines, not included in the fit,
are displayed as grey markers. Despite not being used for
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ELECTRONIC AND NUCLEAR RECOILS IN NOBLE LIQUIDS

@ @ L|ght3|gna| hv
Excitation
Electron ‘ ‘0’ Recombination
recoils ”
lonisation
.l.-..--.-.-.ll ChargeSIQnaI
.....‘e .....-.

Nuclear ‘

recoils 0,

‘A
O &-
'~A Heat

Nuclear recoils: a significant fraction of the recoil energy of the ‘ R

Elastic nuclear

nucleus goes into atomic motion, ultimately to heat, and will not

scatterin
be detectable in LAr and LXe detectors 9
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<R ER vs NR: Quenching
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THE LINDHARD FACTOR IN NOBLE LIQUIDS

>

Lindhard prediction works better if the nuclear recoil is reconstructed using both scintillation and
ionization signals (hence the total quanta, for example in two-phase TPCs), the so called “combined
energy scale”:

Epp=W- (N ,+ N ) Example|for liquid xenon: Sorensen, Dahl,
. 3 = Phys. Rev. D 83, 063501

O
I
()

1
ENR:W-(Nph+Nq)~]T

n

- W (N, +N,)

ENR

" N, is the number of primary electrons

" N, is the number of primary UV photons i
o

>

fraction of energy given to electrons f,,

W is the average energy to produce an electron

or a photon 1 . 10 ¢ 100
nuclear recoil energy [keV]
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NFN ER vs NR: Larger recombination in NR
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Because the stopping power for electrons increases with
decreasing energy below 1 MeV the tracks of ERs in LXe
have a high ionization/excitation density near the end of the
track. In contrast, alpha and to a certain extent also NRs
will have higher density at the beginning of the track.

At the low energies relevant to DM search the ionization
density of NRs is much larger than that of ERs and since
the recombination rate increases with ionization density we
expect less reduction of scintillation due to E-field for NRs.

This was indeed observed in the first experiments to
measure the ionization and scintillation of NRs in LXe
carried out at Columbia at the start of the XENON Dark
Matter project (see previous slide).

New measurements are currently underway at Columbia to
measure the charge and light yield of much lower energy
NRs and also of ERs with a few keV of energy. Will discuss
this experiment along others in Lecture 2

Electronic Stopping Power [MeV ¢m” g')
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NR: higher dE/dX -> higher recombination ->
reduced charge signal compared to light -> smaller charge/light ratio
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Light and Charge Yield of NRs

v

R [e7/keVy,]

Tonization Yield [electrons / keVnra)

Must be determined based on NR data, using two methods

direct: observe mono-energetic neutrons scatters which are tagged with n-detectors

indirect: measure energy spectra from calibration n-sources, compare with MC predictions

P. Agnes et al., Phys. Rev. D 104, 2021
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(INFR Light and Charge Yield of NRs
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Light yield at low energies: data from LUX

e Use data acquired in situ with monochromatic 2.5 MeV neutrons (D-D generator)
e Calculate energy (via angle ) from x-y position and At (z separation)

e |ight yield measured down to 1 keV

D. Huang, UCLA DM2016
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(INFR Light and Charge Yield of ERs
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Light yield for ERs in [ Xe: data from Xurich

e |ight yield decreases with lower deposited energies in the LXe

¢ Field quenching is ~ 75%, only weak field-dependance

Relative light yield to 32.1 keV of 83mKr Quenching of the scintillation light at a field of 0.45 kV/cm
| " @ Obodovskii (1991'1) T S B Ié Comlpton scatters l(tllli]s[vsl/orl‘:) ]
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(INFR Light and Charge Yield of ERs
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Charge vyield for ERs in LAr: data from DarkSide-50

e Use data acquired in situ with 37Ar and 39Ar calibration sources
¢ Fit of the ER ionisation yields

e Charge vield of ERs measured down to ~ 0.179 keVee (L1-shell Auger electron from S7Ar)

0.27 and 2.8 keV
<4 DS50 data 60—
: + B ¢ DS50 37Ar Ll-shell
500j K-shell + + —— Monte Carlo =
i L ¢ Dss50 3°ar
: 50
| 400 [ l “+ Custom model
. - [ ~ Thomas-Imel
' 300f 5 4o
B - L1-shell o X
B 200f e ! :
s — L
o : Iw 30»
3 — i
) K
O 100 & f
; 4 S 20_— bee\‘
0" - ‘:¢“\
. IR
_100_ L 1 I 1 1 1 1 I 1 1 L 1 I L 1 1 1 ] L 1 1 l il 1 1 I 1 1 L 1 I 1 1 1 1 :
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Number of Reconstructed Electrons SEE—— ' PR E——— ' SR E—— '
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Electronic Recoil Energy [keVe,]

P. Agnes et al., Phys. Rev. D 104, 2021
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(NN NEST simulations
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LIGHT AND CHARGE YIELDS FROM NEST

NEST: Model Detector

e

Xe+ + @ extraction G2 ' ] ;
A Macroscopic  Microscopic
-> =acs V' recombination
-—— * Fields (drift, gap) % Particle types
Excitation . de-excitation
> Xez » S1 % Density, Temp, Phase % Recombination, dE/dx
470,,- lquenching % Geometry, PMTs... % Nex/Ni
U
Energy Deposit Heat ER 0 NR . ¢ Other
Photons (y) Neutrons a (alphas)
— B-, 4 (leptons) Heavy Nuclei 83mKr
NEST: Simulate Signals _expanding... | | WIMPs ) U Protons

Figures by Sophia Andaloro, APS meeting April 2021

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

HOME ABOUT PEOPLE BENCHMARK PLOTS (XENON)
Parameters
Input ER
Incident Particle beta/Compton/axion
More Particle Types Available in the C++ Code!
Target Density [g/cm3] 3
Drift Field > 0 V/cm 100
Recoil Energy [keV] 5
S1gain (g1) 0.16
S2 gain (g2) 30
Output
photons 218.990697832
Ly [ph/keV] 43798139566
Observed Electron-Equivalent Energy [keVee] 4,.999999999999999
Relative to Kr83m 0.668673887
Electrons 154.523407980
Qy [e/keV] 30.90468160
S1[PE or phe] 35.038511653
S2 [PE or phe] 4635.7022394

https://nest.physics.ucdavis.edu

BENCHM

HOME

ABOUT PEOPLE

Parameters

Input

Incident Particle

More Particle Types Available in the C++ Codel!

Target Density [g/cm3]
Drift Field > 0 V/cm
Recoil Energy [keV]
S1gain (g1)

S2 gain (g2)

Output

photons

Ly [ph/keV]

Observed Electron-Equivalent Energy [keVee]
Relative to Kr83m

Electrons

Qy [e/keV]

S1[PE or phe]

S2 [PE or phe]

BENCHMARK PLOTS (XENON)

NR

neutron/WIMP

100

0.16

30

33180953110
6.636190622
0.8833505539540563
0.096470806
31.303637329
6.26072747
5.308952498

9391091199

BENCHMA
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(NN NEST simulations
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LIGHT AND CHARGE YIELDS FROM NEST: XENON

Light Yields for B Electron Recoils Light Yields for Nuclear Recoils
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INFN NEST simulations
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LIGHT AND CHARGE YIELDS FROM NEST: ARGON

ER light yield ) .
NR Light Yield
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(NN NEST simulations
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SUMMARY LIGHT AND CHARGE YIELDS IN XENON
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(nv - Electron Drift Velocity and Diffusion
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-

¢ Underirradiation, atomic electrons are excited in the = — —
conduction band becoming free electrons. If not trapped
by electronegative impurities, they can drift freely under
an external field inducing a detectable charge signal.

¢ Atlow field, vd= muE. Electron mobility is highest in LXe
(2000 cm2/V/s similar to the mobility in Si (in LAritis

about 500 cm2./V/s) V4 = O(mm/us)

¢  The e-velocity in LAr and LXe is much higher than the
velocity in gas phase, The addition of organic molecule
In noble liquids leads to increased velocity as collisions
reduce average electron excitation energy.

DRIFT VELOCITY (omisec)

1000

O Eln (Ve Tore™')

e The spread of the drifting electrons is the ultimate | e
limitation to position resolution in noble liquid detectors % £
operated as TPCs (Lecture 2 and 3). Electron diffusior $
depends on field direction. The longitudinal diffusion
coefficient (along E) i1s ~1/10 of the transverse one. O e W
a distance d, electron cloud spread due to transverse
diffusion is negligible in LXe (a few mm over 1 m)

ODy = Dl'td ot ‘

Marco Selvi (INFN Bologna) Direct DM Detection with Noble Liquids “Theory meets Experiments” @GGl, 2025 79



(v Light Absorption and e- Attachment
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Electronegative impurities dissolved in the liquid

Impurities dissolved in the liquid absorb also trap electrons reducing the charge yield

UV photons, reducing the light yield. Light
attenuation described as le(t)] = e(0)exp(—ks[S]t)

I(z) = I(0)exp(—z/Aatt) We define electron lifetime in terms of the impurity

concentration [S] and an attachment rate constant k

T = (ks[S]) ™
The electron attenuation length is related to the lifetime
via the electron mobility and the electric field

Strong absorption by H20, even stronger at
|28 nm of LAr

Aatt = pET
‘O-S 2" u "s'Busep B

S
.

Water Vapor

Absorption Coefficient [m']

kie“+ S)[M1s"]

- (a)
001 _ ok it s o b snte ] | e —
130 140 150 160 170 180 180 200

Wave Length [nm]

.

FIG. 25 Absorption coefficient for VUV photons in 1 ppm

A i anal o P A PR & Dbl

water vapor and oxygen and superimposed Xe emission spec- ™ rv— pr ‘05
trum (Ozone, 2005). Electric field strength (V cm-')
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(v Light Absorption and e- Attachment

Istituto Nazionale di Fisica Nucleare

Light: 1 ppm of H20 would result in strong absorption hence water vapor must be well
below ppm level for efficient light detection

1 131 g mol !

= - - ~ 38
100 - nxo0m0 108N, -283gem—2-2x 10 Bem2

Aabs,HQO =

Charge: 1 ppb of O2 equivalent impurities would result in a reasonable electron
lifetime, taking the attachment rate constant value at a field of 0.5 kV/cm from Bakale et al.

1 131 gmol™*

- = ~ 463
109 - nxoko, 109-283gem 3-1x 1010 mol- 1 Ls? -

Te
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<R Purification System

Istituto Nazionale di Fisica Nucleare

Xe gas used to fill a DM detector, such as XENON100, is of research grade (99.999%) purity with ppm levels of H20, 02, N2, CO2 and Ar.
Hence a purification system is used to reduce the level to the ppb required for long electron drift

Because H20 has high binding energy to surfaces, pumping does not help desorption of H20. High T bake-out is necessary. Surfaces in
contact with the cold LXe will have low outgassing. However not all materials and surfaces are at this low temperature hence outgassing
from warm surfaces contributes to the impurities.

To help removal of impurities the gas is continuously circulated through a high temperature getter, with a diaphragm gas pump. LXe from the
bottom of the detector is evaporated in the gas line connecting the detector to the buffer volume of the recirculation system. The pump draws
GXe from the buffer volume and circulates it though the getter for purification. The GXe at the output of the getter is fed back into the
detector. THe recircualtion rate is kept stable with a flow controller at the input of the pump.

N
T ‘ ®
PTR I I ]
N
| ‘ ’ XENON100
In eCiu! } \J . '
AMAAAAAANANN 4 / \. /1\,‘ /L\ /-L\I
| "' II |I .| '. \II " 'I
— | |
LXe Vacupm xXe xXe Xa Xa
| L - Botte 1 Battle 2 Bottle 3 Botte 4
| - |
c— MAAAANVIAAAANA NPAAAIAAAAAAAN
4 -
N ( N
Butte /
Croustion =
SAES
LN; PUme | Mono Tom e .
\-DQ"U /' Punfication system | Phase Il | Gas bottle rack
Manuad Hgh pressure Solancid \ Y Actuated Regulator Pressuna Flow Rupture
valve manual valve vahe valve . SHOBO contraber disk
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Purification System

Eur. Phys. J. C (2017) 77:881

Page 9 of 23 881

“«

/.“l\ Getters
TSP —=-Gas Pumps

Purification Systéem
> Bottle Rack,

CryoE_;enic
Distillation
Column

Fig. 9 The gas-handling system of XENONIT consists of the cryo-
genic system (cooling), the purification system (online removal of
electronegative impurities), the cryogenic distillation column (" Kr
removal), ReStoX (LXe storage, filling and recovery), the gas bottle

Gas Analytics

ReStoX:
Storage and
Recovery

Cryogenic System

Heat Exchanger ReStoX

Heat Exchanger
Cryogenic System

XENONA1T

Cable Port

Water Shield
Flange

LXe Line

Cryostat

rack (injection of gas into the system) and gas analytics station (gas

chromatograph). The cryostat inside the water shield accomodates the
TPC
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<R Purification System

Istituto Nazionale di Fisica Nucleare

Eur. Phys. J. C (2024) 84:784 Page 11 of 29 784
Cryogenic system Radon Removal
t , 3 =]
ReStoX2 j ' ’Qfﬁ,ﬁ
s AITHES fllil XENONNT
e ‘ : IR j Al
3 D !
; |
- ¥ ! [l
| =N |
: :.—'—-—""1
L - a
Cryopipe
GXe purification
GXe Bottles
' |
\ <y
: - ‘
LXe purification
e -]
dg '
Kryptoh removal
ReStoX1

Cryostat/TPC
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INFN

Istituto Nazionale di Fisica Nucleare

Noble liquid detectors
(mostly LAr and LXe
double-phase TPC)



Ovev Type of Liquid Noble Detectors

Istituto Nazionale di Fisica Nucleare

Sense Wires
V wire plane waveforms
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INFN L Noble Detectors: Double Phase TPC

Istituto Nazionale di Fisica Nucleare

DOUBLE PHASE DETECTION PRINCIPLE

Time projection chambers

Prompt scintillation light signal in the liquid from the
direct excitation process (S1 signal)

Electrons drifted away from the interaction site via an

electric drift field ~ O(100 V/em)

Electrons extracted from the condensed liquid into the
vapor phase by a stronger electric field ~ O(few kV/em),
also called "extraction field" (e- need sufficient
momentum to overcome the potential barrier at the
liquid/gas interface)

Electrons in the gas phase are accelerated by the electric
field and gain sufficient energy to excite atoms in
collisions

These create electroluminiscence (EL; also called
proportional scintillation), with similar emission spectra
to those of direct scintillation (S2 signal)

Extraction efficiency

Liquid

1.0

0.8

0.6

0.4

0.2

0.0

l gel

S2

Anode

Cathode

Ar
(fast component)

Probability of e- emission. Chepel and Araujo, JINST 2013

Marco Selvi (INFN Bologna)

Direct DM Detection with Noble Liquids

“Theory meets Experiments” @GGl, 2025

87



INFN L Noble Detectors: Double Phase TPC

Istituto Nazionale di Fisica Nucleare

1000
900 !
DOUBLE PHASE DETECTION PRINCIPLE
800 !
Time projection chambers § 7o
% 600 .
" Asingle extracted e- can produce ~ O(100) of photons, £ 50|
which then produce tens of photoelectrons in the * :Zz
photosensors ol
100 !
" The number of generated S2 photons will depend on the N
drift path, the field strength E (in V/ecm) and the gas
density. The yield per cm can be written as: 1000
900 !
1 ANy, b , 800:
R T B
@ 600
> with n being the number of gas atoms/cm3,n = NAp/A,a £ 50}
and b being gas-specific empirical coefficients =
300
" Important: the EL process is linear, since the energy of the ?:Z -
drifting e- is dissipated via photon emissions (and these L

do not participate further in the process)

E, kV/icm
Number of photons generated in 1 cm, as a function

of the field and of the gas pressure. Chepel and
Araujo, JINST 2013
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INFN L Noble Detectors: Double Phase TPC

time @1 light signal:

» prompt scintillation photons

GXe
S2 charge signal:
» secondary scintillation photons from
LXe drift time electroluminescence in GXe due to drifted electrons

(depth)

3D vertex reconstruction:
» X,Y: S2 hit pattern

Q Z: drift time S2-S1 /

particle o ' . . .
i Electronic Recoil (ER)
Image by L. Althlser :
, . N ™
(NR (Nuclear Recoils) ER (Electronic Recoils) = ool
WIMP signal, neutrons, CEVNs vy, B backgrounds % G N
Nuclear Recoil (NR)
Discrimination from S2/S1 X
\_ Larger for ER than NR Y, 10536 10 60 80 100
cS1 [PE]
200 200
ok gamma S2 150l WIMP (here neutron)
E £ S2
i 100 S1 drift time uj 190 drift time
™, < > 50 S1 % L
0 l ° l
0 20 40 60 80 100 120 0 20 40 60 80 100 120
time [usec] time [usec]
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INFN Particle Discrimination in 2-phase TPC

Istituto Nazionale di Fisica Nucleare

PULSE SHAPE DISCRIMINATION

3
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INFN Particle Discrimination in 2-phase TPC

Istituto Nazionale di Fisica Nucleare

PARTICLE DISCRIMINATION IN NOBLE LIQUIDS

W

loglO(S2/§ 1) x,y,z correctc;\q

e
W

W o

—

Ratio of charge to light in LXe:

'. + = I ) ! .
20 25 30 35 40 45
S1 x,y.z corrected (PE)

Tritium and AmBe calibrations in PandaX

Discrimination power ~ 103

Pulse Shape Discrimination in LAr:

0

10

20

- - ’
o.....-.‘....!"uﬁ"l.k'r‘l-.f rlll.l

0.1

alqlll.:qul.‘-..
50 100 150 200 250 00 350 400 450
81 [PE)

NR band from the AmBe calibration and

lower ER band from B-y backgrounds in
DarkSide-50

Discrimination power > 108
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INFN

Istituto Nazionale di Fisica Nucleare

LAr TPC evolution

LAr high mass: background discrimination

Energy [kev_ ]
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+— Fprompt gPE
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Peg 8t 110N,
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formed

100000 kg

ARGO: 400 t, SNOLAB

Credits: Jocelyn Monroe
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CINFR DarkSide-50 and -20k

* DarkSide-20k
* Scheduled for 2021

* Utilizing underground argon

* Atmospheric LAr veto,
DUNE style cryostat
possible

* Background free

* Global Argon Dark Matter
Collaboration

* 300 tin 2027

DarkSide-50

@ Detector inside Borexino counting facility
at LNGS (ltaly)

@ 50kg depleted argon from underground
sources

A\1H

> 1000 reduction in 39Ar level

L\ L
\\

;
7
%
#
7
#
o
o
’

@ Pulse shape & charge/light ratio
for particle discrimination

AN

AR

N

Pulse-shape separation > 107

@ Hamamatsu R11065 as photosensor

Challenge: operation of PMTs at LAr temperatures

— plan to use SiPMs in the next generation detector
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INFN LAr results: DarkSide-50 & DEAP-3600

Istituto Nazionale di Fisica Nucleare

DEAP-3600, arXiv:1707.08042 T, (kev_)
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(niN LAr: DarkSide-50 S2-only result

Istituto Nazionale di Fisica Nucleare

Phys.Rev.D 107 (2023) 6, 6

10-39 )Qﬁwlvlr ‘\;f\".,_ ?. LUX 2021
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— ——~- DAMIC 2020
~ —— XenonlT 2020
§ 10-10
b —— Cresst-III 2019
5 ——- Pico-60 2019
o} —— XenonlT Migdal 2019
o 1074 - DS50 2018
8 ----- CDMSlite 2017
. - . PICASSO 2017
;‘; 10742 - Fluctuatio Xenon100 2016
L E ——=~- Cresst-II 2015
@ ! CDMS 2013
ﬁ 10743 Cogent 2013
g E DS-50 (2022) Cresst II 2012
Al . Expected (10 /20) DAMA/LIBRA 2008
:; 1044 — LAr Neutrino Floor
a
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10-45 | | |
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<R Underground Argon

Istituto Nazionale di Fisica Nucleare

RADIOPURE ARGON FROM UNDERGROUND SOURCES

atmospheric and underground argon at null field

—
2

_;,' 107
> 39A o ! 10°
r f decay (Q = 570 keV, half-life 269 yr) ¢
o
* ~1Bg/kg in atmosferic Ar y -
10 s ]
> Origin from **Ar(n,2n)*° Ar in atmosphere 107 | u'w. '
'Y - . — . RPN T T e || A '-'
107, 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
" Extraction of Ar from underground o i
sources, where such processes are v e ovea e 00 viem
10°? UAr Data at 200 V/em
suppressed g (Lo Anti coine.
X 3 “kr (Global Fit)
wm 10
™ . Ypz (Global Fit)
> DS50 used 157 kg of UAr 8 10 &
g 10° :
> Depletion factor in *?Ar : 1400 + 200 B oo
10 - DS50 collaboration
Phys Rev D 93 (2016) 0811 .
10 0= =—"1060 2000 3000 4000 5000 6000

81 [PE]
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<R Underground Argon

Istituto Nazionale di Fisica Nucleare

LOW RADIOACTIVITY ARGON: URANIA & ARIA

1) UAr extraction at the URANIA plant. 3) Qualification at Canfranc, DArT in ArDM
FAr (f-decay) suppressed by ~ 10° in underground A single-phase LAr detector with active

CO2 reservoir in Cortez, Colorado volume ~1L, capable of measuring UAr to
UAr extraction rate: 250-330 kg/day AAr 3%Ar depletion factors of the order of
Expected argon purity at outlet: 99.99% 1000 with 10% precision in weeks JINST 15 P02024

2) Cryogenic distillation at the ARIA facility

Installed in the shaft of a coal mine

= (Chemical purification rate: 1 t/day

First module operated according to specs with nitrogen

Run completed with Ar at the end of 2020  Eur. Phys. J. € (2023) 83:453

Eur. Phys. J. C(2021) 81:359

Full assembly about to start
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<k LAr: DarkSide-20k

Istituto Nazionale di Fisica Nucleare

THE DARKSIDE-20K DETECTOR @ LNGS

Inner Veto S Outer Veto

Radiogenic n's Cosmic u's and showers

32-ton underground LAr 700-ton atmospheric LAr

» Membrane (ProtoDUNE-like)
cryostat

NN AN AN\

» Atmospheric argon (AAr)
volume (=700 t)

» Vacuum vessel containing UAr
and TPC/Veto

» Underground argon (UAr)
volume (=100 t)

TPC
Dark matter detector
50-ton underground

» Inner detectors TPC and
Neutron Veto with >25 m2 SiPM

b}

N\

arrays z
» Outer Veto with SiPM arrays LAI’/GAI’, PMMA walls
near the cryostat walls (20-ton fiducial mass)
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(NN LAr: DarkSide-20k

Istituto Nazionale di Fisica Nucleare

THE DARKSIDE-20K DETECTOR @ LNGS

« Octagonal shape dual phase  Neutron veto:
CIFgorn 1P = Active UAr mass: 32 tonnes
= Active UAr mass: 49,7 tonnes
= Fiducial UAr mass: 20,2 tonnes

Top OP

VPDU
— [TPC Barrel

PMMA
(Clevios coated)

Calibration Pipe

— Bottom OP
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(NN LAr: DarkSide-20k

Istituto Nazionale di Fisica Nucleare

THE DARKSIDE-20K DETECTOR @ LNGS

UAr (TPC) _UAr (Veto)

» Acrylic (Hydrogen) + Argon

» Detection of 2,1 MeV gammas from neutron
capture on H (53%) in TPC or Veto

® 4n coverage: TPC walls, top and bottom
endcaps

® 40 cm thick UAr buffer + UAr in TPC

» Produced vy rays interact in UAr in both buffer
and TPC

» 3M ESR used as reflector and PEN as
wavelength shifter

» Scintillation light detected by SiPMs in both
buffer and TPC
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<k LAr: DarkSide-20k

Istituto Nazionale di Fisica Nucleare

LOW RADIOACTIVITY, HIGH EFFICIENCY SiPM PHOTOSENSORS

Photo Detection Unit Tile / photo-detector module

o . 2
e cpicaipiane . W) 16 tiles arranged into 4 channels 24 SiPMs + signal amplifier

525 PDUs

1PE
» Wafer delivery from LFoundry started in

2022

» Packaging and assembly for TPC sensors:
Nuova Officina Assergi (NOA), about to
start operations - : i ; 3 i

Filtered amplitude [pe]

» Packaging and assembly for Veto sensors:
RAL and Liverpool, UK

» Several test facilities to qualify production:
Naples, Liverpool, Edinburgh, AstroCent
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<k LAr: DarkSide-20k

Istituto Nazionale di Fisica Nucleare

HIGH MASS WIMP SI INTERACTION EXCLUSION LIMITS PROSPECTS

Exclusion 90% C.L.

“““““““““““““““““““““““ <5
pMSSM11 [EPJ C 78 256 2018] \\\\\\\\ > 50
Wim Scalar complex WIMP [EPJ C 8 992 2022] \
N ﬁ

=2 Dirac complex WIMP [EPJ C 8 992 2022]
BN 2Ar v-fog [PRL127 251802 2021]

ot
>

LZ 90%CL excl [2207.03764]
m— 1Z 2.7 y (15.3 t yr)
== XENONNT 5 y (20.2 t yr)

DS-20k Fid. 5 y (100 t yr)

* DS-20k Fid. 10 y (200 t yr)

----- DS-20k Ext. 10 y (460 t yr)
==: ARGO Fid. (3000 t yr)

* XLZD (1000 t yr)

0.01 01 1 10 100 500
M, [TeV/c?]
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Istituto Nazionale di Fisica Nucleare

XENON10

WIMP detectors from the XENON-series

XENON100 XENONAT XENONNT

N
3
N
B S
N
S
B |
S

I “/"il‘l'}'/i/‘/./'

2005-2007 2008-2016 2012-2018 2020-2025
25 kg - 15cm drift 161 kg -30cm drift 3.2ton-1mdrift 8 ton - 1.5 m drift
~10-43cm? ~10-45cm?2 ~10-47 cm?

~10-48 cm?2
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@ Impressive evolution of LXeTPCs

Istituto Nazionale di Fisica Nucleare

XENONNT

TOTAL LXe mass:

3.2 tonnes XENONAT
PANDA X-lI @
LUX 2 5;
XENON100 @
XENON10 L@X
- IN\E

6 2005 2008 2013 2016 2016 2019

22 kg 105 kg 250 kg 580 kg 2000 kg 6000 kg

Q@ &
0.2 0.02

0%




Evolution of LXeTPC detectors

Fiducial mass [kg]

= = 10°
10 = before discrimination = 0

- . __g 103
E DARWIN

= = 10°
10° §_ = 10

i —= 1
10° = =

- — 107
10 &= E

= —= 107

1 107

2008 2012 2014 2017 2017 2019 2025

(from T. Marrodan)

ER background [events/(t keV day)]

Marco Selvi Dark Matter Direct Detection Review Vulcano Workshop, 26 Sept 2022, Isola d’Elba
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Istituto Nazionale di Fisica Nucleare

(niv (previous) detectors using the LXeTPC:

|l‘ '“’h\

> N .
> ) \ "
\ \\‘l W\ ¥
- ' A\ MV
-— v LSAAAAA AR AR
‘ . kwm ] I

\
. ) ! !

A
" :

100 cm

WI\I\\H\\\\‘xn\uu\tn\uhu

I

LUX
Active Target: ~250 kg PandaX-Il
completed Active Target: ~580 kg XENONIT
completed

Active Target: 2000 kg
completed in 2018

Marco Selvi (INFN Bologna) Direct DM Detection with Noble Liquids “Theory meets Experiments” @GGl, 2025 107



INFN The XENON1T Experiment @ LNGS
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Direct DM Detection with Noble Liquids
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<k XENON1T: All Systems
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Istituto Nazionale di Fisica Nucleare

E. Aprile et al.,
“The XENON1T Dark Matter Experiment”,
EPJ C 77, 881 (2017).
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www.Xenonit.org
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<k XENONA1T: All Systems

Istituto Nazionale di Fisica Nucleare

E. Aprile et al.,
“The XENON1T Dark Matter Experiment”,
) EPJ C 77, 881 (2017).

\ —

oS Matter Project
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® 700 ton pure water instrumented with
84 high-QE 8" PMTs

® Trigger efficiency > 99.5% for muons
in water tank

® Cosmogenic neutron background
suppressed to <0.01 events/ton/yr

® For XENONNT, 120 more PMTs, inner
reflective region, and Gd-doping to
reduce neutron background

IR
; :

\
e

Ty

il

Amplitude [mV]

350

300

250

200

150

100

50

=50
0

A

B

July 2016

Time [us]

-6

X A - l
~ Lo
. d ' E 240
7 " 2008
./ 160 &
. . <
e f-a 1120
. .
L ]

-4 TSl
-2 >

0 Tl
Ximy 2 e
a4

i
| §
Al

KUELAS e T

WS WaA v

I~

1
b
k

[June 2020 7?

-2 320

280

‘ 80
A6
s 40
e
°o® /2
/-"/ 0 é‘\
Al
s -2
e
.
6 —6

Key contribution of INFN-Bologna researcher and technical staff| JINST 9, 11007 (2014)
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NN Summary of prev-gen LNoble results
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(NN The XENON1T NR band
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B ER M Surface Neutron I AC H WIMP

8000
Detector with: 4000
Low background 2000
it
== 1000
Low threshold: ~5 keVnRr iy
N
@)

Large exposure (mass, livetime): | 400
tonne X year

200

.5 ..10 0.0.... ) ... .8: . .‘. [} ) )
| " | | K |
03 10 20 30 40 50 60 70
cS1 [PE]

Most stringent result on WIMP Dark

/NR Matter down to 3 GeV/c2 masses
[PRL 121, 111302 + PRL 123,251801]
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<R The XENON1T ER band

Istituto Nazionale di Fisica Nucleare

Il ER M Surface Neutron I AC W WIMP

8000
4 50 60
40 o
Detector with: 4000
Low background: 76 + 2 events/t/yr/ 2000
keV

Low threshold: | keVee

CSZb [PE]
o
S

Large exposure (mass, livetime): | 4001
tonne X year A
2004 /" : S
T SRR A :
1 S T I | CONN O
03 10 20 30 40 50 60 70

cS1 [PE]

Now use ultra-low ER background to

ER )
search for excesses in ER band.
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The XENON1T ER excess
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Materials
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. 131ng(e
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SR1 data

T

* excess in 1-7 keV range
285 evts observed vs
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- (naive) 3.30 fluctuation

104
SR1 (226.9 days) _ o
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(v XENONNT ER results (July 2022)
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Zoom in the low-energy region:

Energy spectrum dominated :
no discrepancy from the bkg model

by 2nd-order weak processes

- BO _ 214Pb o 136Xe _ 124X€ . 83mKr
1 Data $Kr Solar v — Materials — '*Xe

BN, .

25
— B,
1 Data

50

40

I

Events/(t-y-keV)

Events/(t-y-keV)
o
—] j
I |
——
| |

| |
100 120 140

0 20 40 60 80
Energy [keV]

XENONNT key performances in SRO: 0 s 10 15 20 25 30
> 10 ms electron lifetime, Energy [keV]
1.77 £ 0.01 uBqg/kg radon concentration arXiv:2207.11330, accepted by PRL

Excellent agreement with our background model.
Lowest ER background ever achieved in a DM experiment: Nuclear recoil data are

(16.1 £0.3) events/(t X yr X keV) still blinded

WIMP search results
soon

No trace of 3H, even in the Tritium-enhanced run

Set new best limits on Solar Axions,  magnetic moment, ALPs, ...
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CINFR LXe TPCs: present and future

e Results from running

10—42||||||I T T T T T T L N R

ot | = s T | experiments and secondary
e\ = results from completed ones
ol .7+ XENONNT: 2019 8t, 4t fiducial
'+ PandaXx-4T: 2020 4t
+ 1.7:2020 10t, 5.6t fiducial

+ DARWIN:2024 50t

- + DARWIN

LomMmecion o (i\(wl,‘
riicaton, data acousion

4 ,.T Eu;%
PandaX-4T
XENONNT -
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PandaX-4T1

1.5
PARTICLE AND ASTROPHYSICAL XENON TPC \é
July 2021/arXiv:2107.13438 2
based experiment with 532

Q0 PandaX-4T: A dual-phase Xe TPC

3.7 tonne liquid xenon in sensitive

A Ultrapure water shield: 13 m (H) x 10 m (D) ~ 900 m3

Q TPC: 1.2 m (H) x 1.2 m (D)

volume (see Qing's talk)

= === ER 95% quantile

vy
N\ — ER median
) \\
A — NR median
\ R — — NR 99.5% acceptance cut

. 10_43: T T T T T T T T =
O 3-in PMTs: 169 top/ 199 bottom — - I_ PandaX-4Tl 2021 (this work) | =
= N 7

= F\|  ——— PandaX-112020 -

F B e B I L S i B : g A >

25 ~_ Total background _— 8 10 E XENONIT 201 8 §

q) —

C i P d

20: |‘ _: g i — LUX 2017 ’

= L - Qo 45 __ —

:‘\ “II"| :ll ’ ' S 10 - =

== 9 IHM B 2 = .

J;- 3:: E: “”!“ ’ | | i g i |

== f 10 il Ml . c? —46 | —

==t . w"’“.:un | ‘ 1 =10 E

g g é 5 ‘ N g0 | | || 3 E arXiv: 2107.13438 E

, E?’_-;% - ' 5 m‘lll" g M 7 - .
. LR . L LA N it 107 Lot

0 60 80 100 120 10 10 10 10

S1 [pe]

WIMP Mass [GeV/c?]

Marco Selvi (INFN Bologna)

Direct DM Detection with Noble Liquids

“Theory meets Experiments” @GGl, 2025

118



(NN LUX-ZEPLIN

Istituto Nazionale di Fisica Nucleare

PTFE field cage maximizes light collection efficiency.

494 3” PMTs in total - Hamamatsu R11410-22.

Woven electrode grids to generate electric-field in the
active xenon region (7 tonnes of LXe)

Nominal cathode voltage of -50 kV (drift field ~ 300 V/cm)

~ 2 tonne instrumented skin region between the outside
of the TPC and the inner wall of the cryostat vessel.

Construction in radon reduced clean room at surface _ _ _
assembly lab completed in 2019 - First (not blinded) results presented in July ‘22
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(NN Recent results from LZ
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e Likelihood inference region of interest ot
R LZ Preliminary / 3
o 3<31c<80phd g
o S2 > 645 phd (14.5 electrons)* — 1075
o $2c < 10*5 phd =
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o Power constrained upper limit
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<R XENONNT: main upgrades

Istituto Nazionale di Fisica Nucleare

— AT

* Inner region of
existing muon veto

* Total 8.4t Xe * optically separate
e 59tinTPC * 120 additional PMTs
e ~ 41tfiducial * Gd in the water tank

* 0.5 % Gd2(SO4)3

JLAe

248 — 494 PMTs

distillation purification
* Reduce Rn (214Pb) from
pipes, cables, * Faster xenon cleaning
cryogenic system e 5/min LXe
* New system, (2500 slpm)

PoP in XENON1T

« XENON1T ~ 100 slpm
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XENONNT TPC

Outer vessel

Inner vessel

Diving bell

Outer vessel flange

Top PMT array

Top electrode frames

HV feedthrough

Guard rings

PMTs: almost all of the 494 PMTs are working very well, apart from 7.
Single PhotoElectron acceptance > 90%.

HVdrift 15 kV (100 V/cm)
Light yield larger than what obtained in XENON1T: 0.16 pe/photon.

Field shaping wires

Blocking and sliding

reflectors

Bottom PMT array

Bottom electrode frames
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The making of the XENONNT TPC

| https://www.youtube.com/watch?v=580jXiONghU
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XENONnRNIT performances: Cryogenics b
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Magnetically-coupled piston pum

bk (a8 purification Liquid purification e i
« Magnetically coupled piston pumps  Novel liquid-phase purification system powered by

« Stable performance with a flow of 100 slpm and|  CTYOYENIC pUmMps
compression of 1.5 bar « Copper-impregnated spheres (Q5) for intense
purification and ST707 pills filter for data taking

period

Alternate polarity
permanent neodymium
bar magnets

monolithic
stainless-steel
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10" . . . :
; High Efficiency 02 Filter (High Rn)
Data (purity monitor) =
Model ——
7
2
o
£ |
2 10 [ Parameters
= [ LXe mass: 8620 kg
5 0, outgassing: 0.11 mg/d
& Filter efficiency: 100% 4 XENON1T )
L
B O pifctcocy_ > 0.6 ms in SR1
102._ Cryogenic LXe Purification (2 LPM) _: (0'9 X At maX)
; GXe Purification (60 SLPM) ] » 1 ms after pump
0 2 4 6 8 10 12 14 16 18 20 upgrade in SR2
Time [d] \ (1.4 x At max))
25
0
E
o 20
£
R
-
ol
[
1
]
€ 101
)
=
£
£ )
0 MEN R  High-flux purification (around 350 kg/h)

0 2 4 6 8 10 12 14 16 ¢ Electron lifetime from 100 ps to 5 ms within 5 days (0.65 ms in XENONIT)
e e-lifetime during SRO > 10 ms
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XENONN T performances: Kr/Ar and-Rn 177
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Radon distilation”™ =R SRS ypron distilaton
» Novel distillation column to separate Rn from Xe in « Kr/Ar distillation based on their higher vapor
the gas phase thanks to its lower vapor pressure pressure compared to Xe at -96 °C (goal 100 ppq)
1.7 uBa/kg ?%??2Rn achieved, expected further * Inherited from XENON1T

reduction to reach XENONNT goal of 1 uBag/kg .

Xo, Fp- Fp

rate [uBq/kg]

{ — fit
{  222Rn a-decay

best fit equilibrium: (1.72 + 0.03) uBa/kg

norm. res. [o]

0 10 20 30 40 50 Xp , Fp
days since distillation start (intermediate mode)
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(NN XENONNT Rn distillation
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4 Key performance parameter

» liquid xenon inlet and outlet

» flow of 0.4 I/min LXe = 200 SLPM = 70 kg/h

» radon reduction of factor 2 for sources within detector
» further reduction by gas extraction from cryogenics

kBasic removal concept proven: EPJ C77 (2017) 358, arXiv:2009.13981 _

Dedicated Rn cryogenic

distillation column

222Rn level (goal)
In XENON1T was
13 yBg/kg (science run)
4.5 uBg/kg (latest R&D run)

Thorium

Radium

Rn-222 activity concentration [uBq/kg]

Expectation from radon emanation (J. Palacio T45.5)
and radon removal system parameters

RAD distillation:
LXe only

r=21

0 5 10 15 20 25 30 35
Time [d]
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ER: Rn-removal -> solar pp heutrinos 120

Makco Selvi | selvi@boinfh.it
Radon Removal in XENONNT down to the Solar Neutrino Level, arXiv:2502.04209, accepted by PRX

The XENONnNT experiment has achieved an unprecedented reduction of the 2?2Rn activ-
ity concentration within its liquid xenon dual-phase time projection chamber to a level of

(0.90+0.01 stat. £0.07 sys.) uBqkg ', equivalent to about 1200 ?*?Rn atoms per cubic meter of ; = R

.. . . 222 . [« GXe-PUR
liquid xenon. This represents a 15-fold improvement over the ““*Rn levels encountered during Il Gxe Purifir GXe Pump |

XENONIT’s main science runs and is a factor five lower compared to other currently operational P () GXe Pump
multi-tonne liquid xenon detectors engaged in dark matter searches. This breakthrough enables e [ ) GXe Purifier
the pursuit of various rare event searches that lie beyond the confines of the standard model of b & Cables

particle physics, with world-leading sensitivity. The ultra-low ??Rn levels have diminished the
radon-induced background rate in the detector to a point where it is for the first time lower than e x|
the solar neutrino-induced background, which is poised to become the primary irreducible back- ffFloquo nfiguration

ground in liquid xenon-based detectors. : PR | | g fl-—--- i — No RRS
: : — GXe-only RRS
..................... - e up S {mm GXe + LXe RRS

/ : v ] H 1 H
No RRS i | ot _ | B o Source Type
GXe — only RRS GXe + LXe RRS iler: B _J ’ { Type 1a

(3.62 & 0.07 stat. £ 0.17 sys.) nBqkg™! | Type2

Gaseous Xe (GXe)§

(0.90 £ 0.01 stat. £ 0.07 sys.) nBqkg™

it g B ;"MM'“IL
I s }l
25- . . * .
o e
~25 . R

L 7 / hy !

Jul01  Aug0l  Sep01  Oct 01  Nov 01’ 7 Jun 01 Jul 01 Aug 01 Sep 01
2021 2021 2021 2021 2021 2022 2022 2022 2022

222Rn activity concentration [pBqkg ]

Norm. res.
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ER: Rn-removal -> solar pp heutrinos 120
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Radon Removal in XENONNT down to the Solar Neutrino Level, arXiv:2502.04209, accepted by PRX

The XENONnNT experiment has achieved an unprecedented reduction of the 2?2Rn activ-
ity concentration within its liquid xenon dual-phase time projection chamber to a level of
(0.90+0.01 stat. £0.07 sys.) uBqkg ', equivalent to about 1200 ?*?Rn atoms per cubic meter of

liquid xenon. This represents a 15-fold improvement over the ???Rn levels encountered during O
XENON1T’s main science runs and is a factor five lower compared to other currently operational 100 F éoe' Sk
multi-tonne liquid xenon detectors engaged in dark matter searches. This breakthrough enables [ © .@Q g
the pursuit of various rare event searches that lie beyond the confines of the standard model of . [ éOeQQ
particle physics, with world-leading sensitivity. The ultra-low ??Rn levels have diminished the n & oéx @
radon-induced background rate in the detector to a point where it is for the first time lower than o “43}; & Qéq’
the solar neutrino-induced background, which is poised to become the primary irreducible back- Aé‘_‘ ~. ® N 3 &Q"
ground in liquid xenon-based detectors. - ;&'\\ & ‘\35\ &
o — 175 RN Qb' é\?’ x é
7/ Vs — 10+ &« my S~ Q° “‘," Oé 2
No RRS o S S ® Q,é éé o
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! " B e IR N
&0 4 ) T o \‘~\ ‘\3) Q’b a\) Oé C;’ '\337
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) Q o) X
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% ; 1 Equivalent solar neutrino-induced ER rate in XENONnNT & ©
Q '_- 3
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e s =
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(NN XENONNT nVeto
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CEININEREVE

Single-scatter

n-capture in Gd

Electrons
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(INFR XENONNT nVeto
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e Gd-loaded Water: 0.2% of Gd in mass
-> 3.4 t of Gd-sulphate-octahydrate;
(technology from EGADS-SK colleagues)

e Cerenkov light is seen by additional 120 8”
PMTs placed in water around the cryostat;

* high-reflectivity foil to confine an inner nVeto
region with high light collection efficiency.

(

Tagging Efficiency
o o
~ o ™ o
o, o o (o)

)= LLLAN AR LRALLE LULILE LS REALRE LELLE LLLLA 7§
-«
=

o
~

0.65
—@— PMT thr >= 0.5, 0.2% Gd

0.6

—&—— PMT thr >= 0.5, 0.02% Gd

058 e —— ; Neutron tagging efficiency:
~—%¥— PMT thr >= 0.5, pure water : : : : : : v

- PMTmeomeweww L b bbb T 85% with 0.2% Gd,
o4 s 6 789 e Az 18 e s 65% with pure water

Making the nVeto: (requiring a threshold of 10 PMTs in

https://www.youtube.com/watch?v=xb6aXrbGMRS8 coincidence)
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Gd-doped Neutron Veto (2023)

Vo

,\\\
Dot \

| . >

A

o2l
1o Gd2(SO4)3

¢ s (K - ld Gd2(SO4)3
YA 7\
> J NN &

V-

Mixing Tank

messsssssm——) DE-IONIZATION
Main NANOFILTER Gd-depleted 1

strategy: ' ' ,

Gd-rich >,
> :‘Iy- L —
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AmBe calibration with source Neutron capture time and area spectrum can be estimated by using NV only (self-trigger), by
close to cryostat (~1cm) > events looking for NV events following 4.4 MeV signals fromm AmBe source in NV

with same characteristics of
neutron emitted from detector
materials

At 500 ppm GdSO, average neutron capture time around 77 gs (2x shorter than in demi-water)
and larger average area, with a 10% increase in neutron captures.

Tagging efficiency is estimated by requiring coincidence with nuclear recoils detected in the TPC
Neutron tagging efficiency with 500 ppm of GdSO, in a 250 us time-window, is about 77% (about 53% in SRO):
» a factor 2 neutron background reduction wrt SRO with demi-water

Neutron capture in Gd-loaded water Neutron capture spectrum Neutron tagging efficiency
= 0 ppm GdSO - 1:162.6 = 1.0 us —— 0 ppm GdSO { 0 ppm GdSO
—— 500 ppm GdSO -T: 76.1 + 0.3 us —— 500 ppm GdSO { 500 ppm GdSO
0.1 100%
. ' 0.6 = N
a ol H: 2.2 MeV Preliminary % 80% 4 g
8-« 10_2 r— ‘g i ki ¢,
3 3] i o e,
=] o 0.4 60% L)
3 N = * te
S o] = e 5, ¢
e = 0.3F = ~ o
o ik R g 40% SR o
(] -+ o L ] °
% 103 £ 02k Gd: ~ 8 MeV g g
z 5 ot
— =
2 0.1F 2 20% LCificiency al 5 PL, Lime window = [0, 250] ps (500 ppm): 76.9+1.5 %
Efficiency at 5 PE, time window = [0, 250] ps (0 ppm): 54.1=1.0 %
10_4 L L L L . 0.0 E L L L L L L 0% 1 1 1 1 1
0 100 200 300 400 500 600 0 50 100 150 200 250 T 10 15 20 25

Neutron capture time [ps] Events NV area [PE] Events area threshold [PE]
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L : :
| " Maxime Pierre 6
' ?NNN. SC' e n Ce Data Ove rVI eW maxime.pierre@nikhef.nl S

XENON. . - oo o e T e e | dati analizzati e i
‘ Fiducial Mass: \ ‘ Exposure: \ . : : . . risultati pubblicati

e 31 torine % yoar Stable Light (Charge) Yield with variation < 1% (3%) fino ad ora si

Science Data  “°Rn i “?Rn —— WIMP: 288.3 d riferiscono ai
88Y§ saYTh =/3'\712§e iy Noce Continuous Rn online distillation Science RunOe 1

300 FFTT=="n0 7 222Rnsro : 1.9 uBg/kg

222Rn5R1 : 0.9 qu/kg
Eur. Phys. J. C 82 (2022) 1104

Kr distillation

natKr/Xe concentration < 50 ppq
Eur. Phys. J. C 77 (2017) 275

LXe Purification

Electron Lifetime > 10 ms
Eur. Phys.J. C 82 (2022) 860

Il

200

150

Livetime |d]

100

Triggerless DAQ
DAQ shared between three detectors
Improve low-energy sensitivity
JINST 18, P07054 (2023)

50

Milestones Highlights

Jun. ep. Dec. Mar. Jun. ep. Dec. Mar. Jun.
2021 2021 2021 2022 2022 2022 2022 2023 2023
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10

TAUP 2025
oooooooo

% SRO+1: WIMP Search Unblinding ~ Maxime Pierre

I ER W Surface NR HEEAC I WIMP
SRla

104 3
Blind analysis with 3.1 tonne x year exposure :

® Unbinned likelihood: separate terms for SRO, 103

SR1a, and SR1b and near and far-wire regions

4 L
® Two steps unblinding in SR1 to identify ER leakage: il

= Small region above NR median and E > 5 keVER

cS2 [PE]

= Followed by full unblinding

No excess over background observed

0 20 40 60 80 100
cS1 [PE]



mailto:selvi@bo.infn.it

XENONnT WIMP. results (SRO+ I)

Makco Selvi|iselvi@boinfn.it

. SRO+1: WIMP Search Results Maxime Pierre | ] 2

arXiv:2502.18005

m— XENONNT (this work)
10-45 ——XENONNT 2023

—_—1.7 2023

—— PandaX-4T 2025

New limits on WIMP-nucleon
cross-section. Improvement
from SRO by a factor ~1.5

Most stringent limit :
1.7 x 1047 cm2 @ 90% CL for
WIMP mass of 30 GeV/c2

10—46 -

10—47 -

20

UUL(MDM >1 TeV/Cz) =

—-46 2 Mpm
3.7x107** cm X Trevie?

WIMP-nucleon cross-section oS! [cm?]

» N P S N | M N P S S S
10 102 103
WIMP mass Mpy [GeV/c?]

Number of WIMP events

1
10 102 103
WIMP mass Mpy [GeV/c?]
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Phys.Rev.Lett. 133 (2024) 19, 191002

arXiv:2408.02877
CELNS
1013
v
1012 0
pp [£0.6%] 7
10"
‘v 1910 "Be [+6%)]
)
£ 10° 0 v
o 50/0\ _ - — 4 _pPep [+1%]
1 wN STl o D ST
510: ,”:»/’\"' \I \
5~ - 0 )
2 136 ECI I el N 8B [+12%] DM-nucleus scattering
5
@ 105 ¥
5 10t cee?
D 1083 hep [£30%] o’ ~.\ g
102 AT
| 1 1 1 1 KT’I’r‘ L x

107 i 0
Neutrino energy (MeV) N EARLY
» CEvNS: Coherent Elastic Neutrino-Nucleus Scattering I N D I STI N G U IS HAB LE

» First measured by COHERENT (2017) from a spallation neutron facility

» Never measured in a xenon target
» 8B CEvNS: Expected to have the largest detectable number of CEvNS events in xenon

»  Signature nearly indistinguishable from 5.5 GeV/c? WIMP with spin-independent og; = 4.4 X 10~* cm2 nuclear recoil
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Accpetance with data-selection embedded

SULAR 8B CEV NS ~~S1 acceptance 8B CEvNS w/o acceptance

C ntional “3-fold lysis” —(5:2 ;(t:’cep(tiance — 8B CEvNS w/ acceptance
. . - . == Combined acceptance
8B CELNS Typical recoil energy: < 1.5 keVir d::evcii °"faﬁ J-ioidand {S:; 0.5
. . . n ien ~
» Nearly invisible in conventional 3-fold analysis that 2.5 - 0. efticiency 0 0.4
. - =B CEVUNS 1.0 Detection '
requires > 3 detected photons 5 = 5.5 GeV/c? WIMP T Selecti 8
<90 — + 10 GeV/c? WIMP " election £0.3
T 2 ‘\\\ = =
» Can try to measure by lowering energy z 08 i\ ROI ; @‘ 02
- - \ .
threshold in analysis 215F 2| 2 Z
E g 0.6 :.' 7 £ 0.1
» Need to be sensitive to nuclear recoil with g Lo ~600 interactions/(tonne.year) g N S\ B '
OF 1 v\ N
energy ~1 keVnr z = 04p [ g
g ll SN E 103 3
. 1 N CRE
»  Goal: ABLIND search for 88 CELNS g 05 10 GeV/c? 0.2 b NN I i
£ ———— ! N0 29 5102
z —— — \\\,@V\\;~\ G, ) [ E
» A measurement of 8B CEvNS means: 00F | . ) . ) ) . = \10 Gev/e? =162 _h::‘i‘f/f;__‘ o4 10 .
050 075 1.00 125 150 175 200 225 250  0:0) 20 20 60 80 5 3 2-fold (this search)
» Sensitivity to DM-like weak coherent scattering Recoil Energy [keVir] Nuclear recoil energy [keVye] Lo, i
” 3
» And... § : S
= _-~" 3-fold (conventional) ~~<|
1 1 1

FIRST detected astrophysical 2 in a dark matter detector DT T e
FIRST measured CEZNS from astrophysical 2 source R it A

FIRST measured CEL/NS with a Xe target ~17 TIMES MORE EVENTS

Phys.Rev.Lett. 133 (2024) 19, 191002
arXiv:2408.02877
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DOMINANT BACKGROUND: ACCIDENTAL COINCIDENCE

» Accidental Coincidence (AC): Random unphysical pairing of

isolated S1 and isolated S2

»

»

»

» Mitigated by utilizing selections based on space&time correlation

Isolated peaks are believed to be side products of high energy 5

(HE) interactions

NOT physically
correlated A

Exact physical mechanisms of isolated peaks are under

investigation
Isolated-S1 Rate before mitigation: 15 Hz

Isolated-S2 Rate before mitigation: 150 mHz

to previous HE interactions

»

»

Isolated-S1 rate after mitigation: 2.3 Hz

Isolated-S2 rate after mitigation: 25 mHz

TimeShadow =Max(S2,, ./ At

Phys.Rev.Lett. 133 (2024) 19, 191002

arXiv:2408.02877

pre

05 “Accidental” 2370 " 2380 2300
Time [us] Time [ps]
0-51 — Signal
HHT —— Isolated S1
0.4F XENON
Preliminary

5 4l
< 0.3
5
x 0.2r

0.1r

) used in inference o

10~ 10~ 10~ 0.1

S2prev/Alprev [PE/ns]
eg. TimeShadow selection on Isolated S1s

1 10
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FINAL PREDICTION BEFORE UNBLINDING

-=-- Median discovery significance
------ Pure counting (median)

Component Expectation Best-fit | o ™ Band containing 68 % & 95 % of toys
AC (SRO0) 7.5 £ 0.7
AC (SR1) 17.8 &£ 1.0 . g 08F
ER 0.7 +£ 0.7 % 0.6
Neutron 0.5“:8::2,, %
Total background 26.4113 - § 0.4
B nei .,
Observed _
0.0

1
1 2 3 4 5 6
Discovery significance [0]

(@)

Total exposure: 3.5 1ton year

Expect B CELNS: 1 191“3:3 Events 48 % probability to observe >3 significance

Phys.Rev.Lett. 133 (2024) 19, 191002
arXiv:2408.02877
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BEST-FIT AFTER UNBLINDING

Component Expectation Best-fit
AC (SR0) 7.5 £ 0.7 74 £ 0.7
AC (SR1) 17.8 £ 1.0 179 £ 1.0
ER 0.7 £ 0.7 0.570¢
Neutron 0.5702 0.5+ 0.3
Total background 26.47 13 26.3 + 1.4
B 11.9743 10.7+37
Observed 37

Phys.Rev.Lett. 133 (2024) 19, 191002
arXiv:2408.02877

XENONNIT 8B results

Test statistic q,

SNS

Solar

N = (o)}

o
o

I

Makco Selvi | selvi@boinfh.it

COHERENT _
Hil CsI, 2022
4+ | Ge, 2024
He—  Ar 2021
XENON
——+i— Xe, 2024 (This Work)
¢ : { Xe, 2021
BT e Ry

Flux-weighted ocpyns [cm?]

Flux-weighted o-g, N in agreement with SM

SNO, 2013

{ XENONI1T, 2021

i PandaX-4T, 2023

XENONNT, 2024

(This Work)

90% CL threshold

68% CL threshold

\J_/ 1 1 1
5

10 15 20

8B neutrino flux [10° cm~2s71]

Flux measurement in agreement with SNO (2013)
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160 F T T T
140 :_ . PandaX-4T _:
"2 120F . . :
% ! . e 1 i -
© 100k + : XENONIT |
> ! ° . ] z & B 3 &6
2 g0k ¢ * R _' , A E BB 5l
%’ - 1% 20 a0 60 80 100 120
-E 60 L . cS1 [PE]
O C s - 450¢
[E : e ® - ] 4.25f BheV, Tl e
tof CXENONAT [simss]
20 :— e.0000 "o* ° ° N _ _2%-3.75; : o L
: .|....|....|....|....T....'lf-.-.-.l....' ;%3'50:
%.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 B
Energy [keVe] PR e oo

0 10 20 30 50 60 70 80

Despite the lower ER background, in XENONNT the most important background in tHé"
WIMP ROI comes from ER recoils leaking into the NR band, due to the lower E-field.
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ER-NR Band Separation

CE WIMP mass 50 GeV/c?
3 —— SR2 1
100 V/cm S = SR3 23 V/cm .
> 10-2 I —— SR3 100 V/cm
S = 2
& 10-4 o
> S
[ o
3
104 F o
8 L
o 5 0.5
) 5 [
N ©
B 103 E
: = 0.2
| ——WIMP 50 GeV/c? | | —— WIMP 50 GeV/c? %
l l | L 1 L 1 L L
0 2 50 7 1000 25 50 75 100 = 2024 2025 2026 2027 2028 2029 20:

cS1 [PE] cS1 [PE] Date

Fraction of ER background below NR median
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Cathode (hexagonal mesh) Anode (reinforced ring, higher wire tension)

Successfully tested in LXe in 2024.
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Dark Matt
XLZD Gonsertium -> Collaboration Edadvies Dukppoor 7  Spn e
» Axion-like particles y » Spin-dependent

[
QR

Leading Xenon Researchers unite
to build next-generation Dark
Matter Detector

SURF is distributing this press release on behalf of the DARWIN and
LZ collaborations

July 20, 2021

Observatory * Planck mass ‘ « * Sub-GeV

* Inelastic

Successful joint XLZD meeting

June 27'29 at KIT : . ‘.‘ : ; V& .' \ ' . N Ne'utrinlo Nature
* pp neutrinos N ' R {4k £\ * Neutrinoless
https://xlzd.org/ * Solar - h‘ B i RO 77| double beta
metallicity % . : N - decay
White paper (2203.02309) : A i - T8 Y - pouble electron
. gt 1k 2 e . A capture
S ) 1 3 i ) el ‘ + Magnetic

Moment

Y’all 2203.02309

Cosmic Rays

:
* Early alert

* Supernova neutrinos

* Multi-messenger astrophysics

450 ricercatori (PhD excluded), 70 istituzioni, 16 nazioni
Spokespersons: Dan Akerib (LBNL), Marc Schumann (U. Freiburg)

Exec Committee: H. Araujo (Imperial), L. Baudis (Zurich), P.
Decowski (NIKHEF),

T. Fruth (Sydney), H. Lippincott (UCSB), K. Ni (UCSD), K. Palladino
(Oxford), M. Selvi (INFN Bologna), K. Valerius (KIT), M. Yamashita
(Tokyo)

XLZD meeting in July 2025 @LNGS



(vt XLZD -> next-gen LXe detector

Istituto Nazionale di Fisica Nucleare

WIMPs

* Spin-independent
* Spin-dependent

* Sub-GeV
 Inelastic

Dark Matter
A Rare Event DTk piotors
» Axion-like particles

Ob S ervatOI'y * Planck mass

o

Sun \ \ \ \ .| \__Neutrino Nature
* pp neutrinos L58, \ \ \1 /[ * Neutrinoless
« Solar : { \\ 17/ )  double beta
metallicity N TN --.'_'\""“‘-1{"; /| decay
* "Be, 8B, hep RN R .4/ + Double electron
s > capture
* Magnetic

Moment

Y alli2203:02309

Cosmic Rays
* Atmospheric
neutrinos

Supernova
« Early alert

* Supernova neutrinos
* Multi-messenger astrophysics
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Early phase Nominal Opportunity
(<40 t active) (60t active) (80 t active)

SI DM-nucleon cross section [cm?]

DM mass [GeV/c?]

46-20

5.1077

2 1017

o

w

3
sensitivity [meV]

14-60 @

mg,

[ ]
KamLAND2-Zen

® pandax-il

Figure 7: XLZD experimental strategy: the nominal system (left) features a LXe-TPC with 1:1 aspect ratio R I T B R I R
for 60 tonnes of active mass (~3 m in diameter and height); the nominal system could be readily upgraded

to 80 tonnes (~3 m in diameter and ~4 m in height) of active mass should the xenon market allow a faster

acquisition rate (right).
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: . % [ Yeusl WIMP search
Site shortlisting: O SR e Sitwthontén
£107 E - e Flat
O, = \ m LSC ® Mountain £ gogl® — Al events
X :CallloLaISa:::an . » Kamioka é 3 BB NR only
s 4
= BOUIby (U K) :__:) 107 - \CallioLabLEQé)s 3 ‘°3§ —NRonly
- > - Boulby: 1100 L §10 3
-Kamioka-{Japan) = 1S Callokan 1380 2+ anatiae.
1 E ouiny 1400 o LSM E |Il
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< i 1|- g
- SNOLab (Canada) 10° \ .t |
: arlsing Ahsy, B PPL 10° 102 10" 1 10 10 10 10
- SURF (US) 10~ L Total NR deposited energy [MeV]

1000 2000 3000 4000 5000 6000 7000 8000

0
" Vertical depth [m w.e.]
- - Xe137 activation for On2b search
Kamioka is too shallow
) T T T T ¥ 1 1 ¥ I
i — 14 F | - ! - nEXO (2022)"]
the Others are flne' Table 2: Laboratory-related backgrounds — part . 5 i + ~~~~~~~~~~~ o
~ L 77T T e
Q12 11 T~ T d
. Muons Neutrons A : !
LNGS IS the Only one Whemmry flux (E) cosmo. radio. thermal -E’ 10 : ; nEXO (2018) |
. . /m?/d GeV /t/yr 10=6/cm?/s  /cm?/s =i . .
|
no excavation iIs needed'Kamioka 128 273 | 42x1073 *33 1.4x107° é 8 : i L 1 00t 50% 7Xe veto |
BUL (Boulby) 323 261 | 1.3x10-3 1.7 the o i L_J — 100t no "Xe veto
L LNGS (Gran Sasso) | 207 273 | 12x10~3 0.6 1.x1076 260 i | Mg Moot |
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Decision by 2026. SURF (Sanford Lab) | 4.6 283 | 2.0x10~4 17 1.7x10 z Ll St 01 5] === 60L 50% PXeveto |
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0.0 0.5 1.0 1.5

137Xe production rate [atoms/tonne/yr] .
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Istituto Nazionale di Fisica Nucleare
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Direct Dark Matter Detection: Lectures for Master and PhD students
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