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> Liquid xenon properties

A\

Dual-phase TPC concept

A\

A concrete example: XENONNT

\4

The ancillary systems

\4

Calibration

\4

Background and its mitigation

A\

Science cases

- Currently operating and future detectors
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Liquid xenon
properties




Introducing xenon (Xe)

Property Value

Atomic number, Z 54

Molar mass 131.29 gmol !

Isotopic abundances 124%e (0.095%), 26Xe (0.089%), 28Xe (1.91%)

129X e (26.4%), ¥0Xe (4.07%), 31 Xe (21.2%)
12Xe (26.9%), ¥1Xe (10.4%), %6 Xe (8.86%)

Gas density (273 K, 1 atm) 5.8971 g L1

Liquid density (165.05 K, 1 atm) 3.057 gem™?

Melting point, (1 atm) 1614K

Boiling point, (1 atm) 163.05 K

Triple point 161.31 K, 0.805atm, 3.08 gcm *
Critical point 289.74 I, 57.65atm, 1.155g cm ™ #
Latent heat of fusion 17.29kJ kgt

~ Xe has 7 stable isotopes

Lanthanides*

o : : ' " > Most abundant isotopes: °Xe, 131Xe, %2Xe

> 124 -
- Xenon (Xe) is the 5" noble gas Xe decays through double e- capture

136
- It can be found in traces in the atmosphere (0.05 ppm) Xe undergoes B decay
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Liquid Xe (LXe) properties

|:| 5 T L= T o7 |. |. LI |. | £ 3 | T L e e L T
S10°E Critical point = E [N 4 Leadbstter 1965 ]
% 3 S = Terry 1969 -
g B LIQUID = 220 v Theeuwer 1970 7
7 B y ‘@ s e Streett 1973 4
O 10 = 8 [ ]
o E = B B
N B 2.8_— —
1 - SOLID ) . |
E Triple point E 27 ]
|0-] — GAS - 2-6:_ _:
3 B 2.5T 1 L L L | L L L L | L L L L I L L Il 1 I L L 1 1 | L 1 1 L I

10—2 MY EFECE RENETE BCATETE SRS AVETErE BT S SA A AT Ar ST | 160 170 180 190 200 210 220
100 120 140 160 180 200 220 240 260 280 300 Temperature [K]

Temperature [K]

Data from various experiments & black curve from the online Air Liquide encyclopedia
Data from the online Air Liquide encyclopedia

- Xe is liquid (LXe) above its triple point at 161.4 K and 0.817 bar
~ Typically operated at ~2 bar and at 170-180 K

- High density in liquid phase: ~2.85 g/cm?
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Particle interactions

EIG“_ T T T T TrIT T T IE EID"' Ll B Ll B R LLLL B L
8 F --- Electrons (ESTAR) ] JE" Photoelectric absorption
= B 1 5.3
v I sl fo:
= Alphas (ASTAR) = 10
oI0°E A
& F 810’
a [ 5 K-shell
[ =] _
C o 10
[ 5
S10° £
0 Total attenuation
107!
10E i ><_ Pair production
- 107" Compton scattering n
L IlIlII IJII I L IlJIJJ L il 1 aii 1':'—_1 -
0.01 0.1 1 10 100 1000 0.001 0.01 0.1 1 10 100 1000

Energy [MeV] Photon energy [MeV]

> Alpha particles with energies (5-8) MeV have O(um) range
- MeV electrons reach O(cm) range

> LXe has a great self-shielding capability
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LXe scintillation process

E

0

N —_—
O
&?’0
0O
Recombination
N De-excitation
_—

Excitation

e,
thjc Jho
to,
&

Escape

Penning quenching

Heat

Ionization (n,)

Scintillation (n,)

~ LXe is an excellent scintillator:
~45x103 photons/MeV for relativistic e- ,
it is transparent to its own scintillation light

> Only lonization and Scintillation signals are
detectable in dual-phase XENON TPCs

excitation

ionization

» Xet4 e™

+Xe

LAr: triplet 1.6 ps — singlet 5 ns
LNe: triplet 15 ys — singlet 19 ns

A
//,
escape electrons
recombination
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L Xe scintillation spectrum

N E s B RN R EE e RASE Y B AN [T T T
=l -
E 1_ ---- Jortner et al. 1965 il Propcrty Vahlc
© | ---- Basov et al. 1970 Il
508_— * Fujii etal. 2015 i Avg. energy per electron-ion pair, W, 15.6eV*
E- ' : . Avg. energy per scintillation photon, W, (max) 13.8 eVP
s A _ Ratio of excitons to ionization Ngy/Nj 0.06*
L g Scintillation properties
i ) Scintillation wavelength, Ag 178 nm®
0.4} — Excimer singlet lifetime, 7 2.2ngd
| i Excimer triplet lifetime, 3 27 nsd
0.2 — * Takahashi et al. (1975)
i i " Doke et al. (2002)
- © Jortner et al. (1965)

0 .
145 150 155 160 165 170 175 180 185 190 195 Kubota et al. (1978D)
Wavelength [nm]

~ LXe scintillation at (174.8 + 0.1 (stat.) £ 0.1 (syst.)) nm [Fujii 2015]
> UV regime, still possible to detect directly (no wavelength shifting)

> LAr emits at 125 nm and LNe at 78 nm
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Decay time constants

Photon Signai(arbitrary units)
st

.‘:TI \“\\

| Ry
Exd { k¥Em)

Kl ~SY 7]
. --‘:\'T?l“*-.
i

E =4 kW¥fm)

0To 26 39 40 56 &0 Ho 80 80
Time(ns) .

Ly, i

‘“‘--x_i} 1 I i i (I t

p— E I f}Ef

L] 02 0.

0.6 0.8 1.0 1.2 14 1.6
Time(us)

Figure from S. Kubota et al., Phys. Rev. B 20 (1979) 3486.

Eiy= fs ex

Ts

[Z)als)
pl— )+ —exp| —
Ts Tt Tt

0.16

012f

|

0.08

arbitrary unit

0.06

o- o Lze ] e, 5 i pheb g
0 01 02 03 04 05 06 07 08 09

RPSD

Electronic recoils from
137CS

Nuclear recoils from 2°2Cf

R, is the fraction of light
recorded in the first 20 ns

+ | ani l u | 1 ]

1

Figure from XMASS data, NIM. AB59 (2011) 161

- Amplitudes of singlet and triplet are dE/dx dependent and also electric field dependent

> Pulse Shape Discrimination (PSD) not very effective in LXe due to similar decay constants

»  PSD gets better in LAr and LNe

27/6/2023
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Optical properties

Total attenuation length, A_.

Optical property  Values [unit]
] y ’ Absorption length > 100 [cm]

= + Scattering length 30, 35 [cm] (calculated)
Aatt  Aabs  Ascat Attenuation length 29, 36, 40, 50 [cm]

Refractive index 1.69

Light intensity after a distance r

I(r) =1l exp {7/ Xatt)

~ The short attenuation length affects the light propagation for large detectors, timing information is lost

> For dual-phase detector, total reflection of photons at liquid-gas interphace occurs
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Single-phase (LXe) detectors

XMASS@Kamioka (Japan)

- High light yield with a 41t photosensors coverage (XMASS has 14.7 PE/keV_, E, = 0.3 keV_)

» Position resolution in the cm range

> PSD for particle discrimination
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lonization process

- N.>>N__for electronic recoils (ER)
> N.~ N_,_for nuclear recoils (NR)

~ Charge and light production are dE/dX dependent

Ei=N;-Eij+ Nex-Eex + N; - €

E,: total energy deposited

E; & Egy: average energy to ionize or excite an atom
N; & Ney: average number of ionized or excited atoms
€: mean energy of sub-excitation electrons

(only heating the medium)

vy v¥yrvyy
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Applying electric Field

1omve 0 ) .. : = . : ;. abFaERE - S(F)/S, [Q(F,)/Q,] is the light [charge] output relative to
b e . ? the value with no field
0.9 NR, light |
083 1
o % _ e
g 0.71 t’. ¢ *~ "~ "ER, charge i
g Hor ap 1> Lightyield decreases with increasing electric field
5 o5 S *e -
% 0.45 * B 3 " | > Charge yield increases with increasing electric
& o ER, light ¢ field
L i T - | > Very low field-quenching for a and NR
0.1 alpha, charge -
glemesee 0 * O 3 ¥ & 7

2 3 4 5
Drift Field (kV/cm)

E. Aprile et al., Phys. Rev. Lett. 97 (2006) 081302

27/6/2023 Andrea Molinario Giornate di Studio sui Rivelatori



Signal yields

Light Yields for B Electron Recoils

70

60

30

40

Light Yield [n,/keV]

1 Wiem

2 Vicm

5 Vicm

10 Vicm
20 Vicm
50 Vicm
100 Wfem
200 Vicm
500 Vicm
1000 Viem
2000 Vicm
5000 Vicm

NEST v2.1.0
nestpy v1.3.0

Charge Yield [ne/keV]

10! 102

Energy [keV]

10%

Charge Yields for B Electron Recoils

80 MNEST v2.1.0
nestpy v1.3.0
70 S—
ag 1 Vfecm
2 Wcm
L | - 5 Viem
— 10 V/cm
401 20vjem
— 50 W¥fcm
30 100 Wfem
— 200 Vfcm
20 500 Viem
—— 1000 V/cm
10 { — 2000 Vicm
5000 Vjcm
U T ¥ T T
10-1 10° 10! 10? 103

Energy [keV]

Figures from the NEST noble element simulation technique

- Energy-dependent yields for ER, NR and a particles

- Electric field dependence of the yields
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Yields for NR

&= XENONNT SRO (23 V/cm) #&== XENONNT SRO (23 V/cm)
20.0F -—— NESTv1 (23 V/cm) 12| --- NEST v1 (23 V/cm)
——NEST v2.3.9 (23 V/cm) ——NEST v2.3.9 (23 V/cm)
#==XENONIT (81 V/cm) #==XENONIT (81 V/cm)
17.5F +# Aprile 2005 (0 V/cm) XENON100 (530 V/cm)
Aprile 2009 (0 V/cm) 10k - Aprile 2006 (2 kV/cm)
Plante 2011 (0 V/cm) + 4« Sorenson 2009 (730 V/cm)
_ 15.0F 4 Manzur 2010 (0 V/cm) A ~ - Manzur 2010 (1 kV/cm)
> - LUX 2017 (180 V/cm) Z 2 -4+ LUX 2017 (180 V/cm)
= ¢ LUX 2022 (400 V/cm) o8 ¢+ LUX 2022 (400 V/cm)
8 12.5F o |
< <
Q 9
= >
Z 10.0 2 6
£ 5
=} <
A 7.5 &
4
5.0
25 Total efficiency > 10% 2 Total efficiency > 10%
Preliminary Preliminary .
L n L il b - L " L n n el . L L L 1
- 1 10 102 1 10 102

Nuclear Recoil Energy [keV] Nuclear Recoil Energy [keV]

> Quenching for NR due to energy lost to heat
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Electrons drift velocity and absorption

S2 vs drift time
E 3r T e ] ~— 10000
E E - Em . ) " '. .E L .
Eos5- . - £ =
=2 " . L2 120
(3] - - - (o]
o - um = 0 e -
< 2 " ] & ..::-E:— 100
E B " ;lﬁﬁi‘ ] :':-' 5]
f— " .
1.5 a st - 80
E . o = Miller 1968 E 60
11— at ar XENON 2012 & 2017 —
C ® - Y LUX 2014 . 40
C ] ® EXO-200 2016 ]
05— © A Baudis 2017 — 20
v v Hogenbirk 2018 -
L IIIIIlI L Il L |l|||| L 1 L |II|I| 1 i | ] H
10 100 1000 10000 T T L L
Electric field [V/cm] e 0 38?{“ Time [}J;]OO e =
> Higher drift field gives higher electrons drift velocity S2(t) = S2(0)*exp[-t /1]
- Drifting electrons are absorbed by electronegative impurities T is “electron lifetime”
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Electrons diffusion

2716/2023
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~ Diffusion increases the relative distance of the drifting electrons

> The width of S2 increases due to diffusion
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Electrons extraction

}.‘ I T I T | | TTrrT I UL | T I T I
V(Z) g _— 1 + =_u m l__
A 2 Ir h Y L -
p, Eg Eg 5 [ i :
0 ' 508 + 1 -
& 0.6 ﬁ 4 _
[ = ]
S | ..? ]
s E -
w 0'4__ }ﬂ. v  Gushchin et al. 1982
i E ’ 4 XENON100 2014
B O LUX2017
0'2-_ L‘ e  PIXeY 2018
i 1}. = Xuetal 2019
* 1 1 | L1 1.1 I L1 1.1 I L1 1.1 | L1 1.1 | LAl | I L1 | | L1 1 1 I L1 11 I L1
. 6 7 8 9 10

—_
\*)
w
N
[8)]

Electric field in the liquid [kV/cm]

~ Electrons have to overcome potential barrier: (0.65 — 0.85) eV

~ Large extraction field (~5-10 kV/cm) has to be applied
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Proportional scintillation

-1..]:: ........ ;ﬁ%ﬁ?;ﬁw;"""i’l"[""- Anode > Field in the gas phase E,
7 #
Nm% p 1 H Eg = p b2V with ¢ =1.95
} E .e[ ?
l """""""" S Gate - Yield
E,

i Y (a Pg+b) hy - Py

e e .

e é

> Important to keep the liquid level stable over the whole surface

- Amplification: typically 20-30 PE for each electron extracted
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A good idea: dual-phase Xe TPC

- A time
\ | M=extraction i gamma s2
| .g 4000
2 1- 7777 uj 100 $1 drift time
— — o 50 — _zoo
LXe —— S drift time 0 . L
(depth) [ 20 40 tl"_we;[upmc] 80 100 120 E
Eam 200 g 400, . .
3 . . .
P R e s 2 o Electronic Recoils
gt N i 100 : drift time Nuclear Recoils
. L 1 1 1 1 1 1 1 1 " L L
3 10 20 30 40 50 60 70 90 100
L = = T s Corrected S1 [PE]
time [usec]

S1 bottom SZtop ' Szbotto

> Drift time provides depth (z) of interaction
~ A prompt scintillation signal (S1)
~ Electrons from ionization drift under electric > S2 light pattern on top array gives (X,y)
field E, .
- They are extracted in gas phase and > Position reconstruction with few mm resolution
produce proportional signal (S2)
> ER/NR discrimination with S2/S1 ratio

> Array of photosensors on top and bottom
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Anti-correlation of light and charge signals

137Cs calibration

10 > The total number of quanta get shared between
scintillation photons (S1) and electrons (S2)

> Fluctuations in the number of photons and electrons
. are anti-correlated: more photons implies less electrons
available, and vice-versa

~ This is apparent when plotting S2 vs S1 for

o monoenergetic signals

600 8001000 1200 1400 1600
S1 [PE]

XENON100, Astropart. Phys. 35 (2012) 573
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Energy reconstruction

__ 1ot
L ETRRR @8 nomE R ] 3
© 120000
P 10_2_ O,8>
| 100000 E
[@)] r c 06°0
Y L 3 80000 =
T i Jw g 60000 ug_l
% 10‘3§ u S 04'%
ﬁ F . 40000 2
"0") iﬂ l 20000 ,”/ e
© H
: 10_4; | 1.0 1I5 ZIO 215 3IO 3I5 410 4I5 53’0
g F ’ i Reconstructed E.nergy [keV] ) i )
@)
S | | | | [ 35
1075 500 1000 1500 2000 2500 3000 —7
Energy [keV] 30 — - XENON1T
. : S — - XENONnT
> A combined energy scale is commonly used SO\ Y % XENONNT Data
2 \
b= cS1  ¢S2 W =13.7 eV 2200 N\
_ + g1, g2 detector-dependent gains 2 15F N\,
g1 92 =
2 10
> Energy threshold down to few keV =l
Preliminary
0 " " gl L " gl
- 1 10 102
- Different energy scales for ER (keV_ ) and NR (keV )

Energy [keV]

27/6/2023 Andrea Molinario Giornate di Studio sui Rivelatori



Particle identification

8000

ER: Calibrated with %°°Rn source
(B-decays of ?'?Ph)

4000

2000

1000 -5

T

NR: Calibrated with AmBe
source or neutron generator

Corrected S2 [PE]

_ Electronic Recoils
W SR Nuclear Recoils

| | | | | | | | L L L L
03 10 20 30 40 50 60 70 80 %0 100 110 120
Corrected S1 [PE]

Calibration data from the XENON100 detector

~ Typical ER rejection power is 99.5% for 50% NR acceptance
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Volume fiducialization

Radius [cm]

z [cm]

Radius® [cm?]

E. Aprile et al., Phys. Rev. Lett. 109, 181301 (2012)

> The possibility to define an inner fiducial volume greatly decreases the external
background contribution (for example from material radioactivity)
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A concrete
example:

XENONNT




XENONNT

>~ XENONNT is a dual-phase TPCs
operating underground at INFN
Laboratori Nazionali del Gran Sasso

(Italy)

~ Main goal is the direct detection of dark
matter

> XENONNT contains 5.9 t of Xe

~ It is currently taking science data
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TPC structure

10N

XENONNT construct

VNN

M)

27
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electrodes and PMTs

10N

XENONRNT construct
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electrodes and PMTs

10N

XENONRNT construct
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Putting all together
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Et voila!
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The ancillary
systems




Infrastructure underground

Outer vessel
Inner vessel

Diving bell

Outer vessel flange——— , |

Top PMT array
Top electrode frames

HV feedthrough
Guard rings

Field shaping wires

Blocking and sliding
reflectors

Bottom PMT array

Bottom electrode frames
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General view

> Cryogenic system: it keeps the detector cold

- GXelLXe purification: it purifies Xe from
electronegatives

~ Krypton/Radon removal: distillation columns to
reduce the ®Kr and ??2Rn contaminations

- ReStoX1/ReStoX2: Xe storage and fast recovery
system

L‘ i

C® Restoxi )
o — | Cryostat/TPC
i == = =
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The cryogenic system

- Itis based on LHe-cooled Pulse
e xtoras Tube Refrigerators (PTR)

GXe to Purification

PTR

B Cold Finger
»

i

7 e From Purification
% et ot - Two PTRs to ensure redundancy

' GXe Bell Pressurization

PMT Signal and HV Tube

I\ > A backup LN2 system
'\ Lﬁz&t—m‘;;be

m -~ Installed in the service building,

Backup LN2
Cooling Tower

LXe Collection Funnel

away from the TPC

Vacuum Insulation LXe-GXe Phase Separator .
LXe Line From
Heat Exchanger

\\. - Cooled Xe flows back in the detector
I through the cryopipe
4

< GXe Pressure Relief to ReStoX

LXe Recovery to ReStoX

Quter Vessel

LXe Line From Collector [PEPRvT
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GXe/LXe purification system

30 s i
s Iz 2
aia juin
cle 1 g8t @
25 £l 28 &
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g5 e
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k) ! \ * |
Q 1 1
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<10 /} ' : I
! f
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n 1
5 § |
{‘ H 4 222Rn Purity Monitor with sys. uncertainty
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i 4 ¥ar
0 1 i
P o » » A0 A A
(LQ(L‘\' r)pq’\ rLQq’\ q)Qq’\ rLQ(L\ rLQq"\ r)S)(L’\
Time [UTC]

- Xe is continuosly circulated through getters to reduce the level of
impurities

S2 [PE]

~ This is crucial to reach a large electron lifetime, i.e. less electron
absorption during drift

I S e T .~ The purification ability greatly increases moving from a GXe to a Lxe
Drit time [usec] circulation system
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Krypton removal

27/6/2023

1 I 1 L 1
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~ 8Kr produces [-decays with a long half-life (10.7 y)

XD FI;

> Kr level in Xe has to be reduced with a dedicated distillation column

> The distillation is very efficient and the Kr/Xe level gest reduced by
3 orders of magnitude (< 1 ppt)
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Radon Removal System

4.0 / F
Radon Removal System: Radon Removal System:
35 GXe-only mode GXe+LXe mode
)
=
2 3.0
=l b=
=
F R
S s} 1.8 uBg/kg g o
Rn-depleted £ 8% o
nnnnn g iy & Preliminary
e ) g 20f 2 a8
Tz I S g g
T E 1.5F =T
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oE — Nitrogen Cooling g 2 5
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4 LE : .
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&
Package Tube &
ToCom‘p SSOr g
'—Im 7 s L L L L L/ /.1 L s o L L
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LXe In Time since 01 July 2021 [d]
From Compressol _ LXeOut
(dlistilled)

e - After Kr is removed, the main background is from the decay chain of ?*?Rn,
1| in particular B-decay of 24Pb

nnnnn

> 222Rn is continuously emanated from the material surfaces

- Its level is reduced to a lower equilibrium point (< 1 uBg/kg) with a dedicated
distillation column
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Calibration of
dual-phase

xenon TPCs




Internal vs external calibration sources

> External calibration sources do not provide a uniform events
distribution in the TPC

-30
—60
—90
—120
-150

[wa] Z

> This is due to the high shielding power of Lxe

> Typically used:
5Co, ¥'Cs, %9Co, ?°Th, AmBe

10°

> Internal calibration sources can be used:
elements which are diffused in the LXe volume

|
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o
T
—
o
¥
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|
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o
T

—-100

Number of events

- Typically used in dual-phase xenon TPCs:
220Rn (continuous), 8MKr, 37Ar, 12mXe, 131mXe, 127Xe (monoenergetic)

—
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-120F

—-140
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Position-dependent correction maps

S2 vs drift time

S fir 32 keV Event LY Maps

Whemsz>

68cm>z>-104cm  A0dcm>2>-138cm  138emsea-17dcm -
Iicmeze ddbom  AdGom=za3lon Mlomere 415cm  AlScm =z
ESdrmo s §08ecm  EQEcm>2>E23cm 6230

ems e

27.7cm =z > 3L1cm 45,0 cm =

8.8

8.0

SL8cm >z > 554 cm

LY {pe/keV)

7.2

6.4

L PR SR N R R 1 1 L
100 200 300 400
Drift Time [us]

XENON1T S1 correction maps XENON1T S2 electron lifetime measurement

» 83mKr is uniform and monoenergetic, it is ideal to build position-dependent correction
maps

> 37Ar is also useful for this task
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Results of calibration

7Ar

« 220
104 (ER band: ?°Rn

107

-~

~.

108

cS2 [PE]

cS2 [PE]

10%E

R

NR band: AmBe

506

103

FANASY O
HNAQY 0T
ANASN OE
ANpASY OF
wapney 01
ANAQ

e 5 —
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‘c’ indicates corrected quantity cS1 [PE]

cS1: corrected for position-dependent light collection efficiency
cS2: corrected for electron lifetime

| 2
¢S1 [PE] 10

—

20
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Measuring g, and g,
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27/6/2023

x2-fit H+ Low energy lines
+10 +¢ High energy lines (excluded)
1 +20
3TAP Y A A
] 2.8 keV 9“%&%@ %\f}?
&
Preliminary
ISImXe
| g1=(0.1515+0.0014) PE/ph omye g0 KV
go = (16.45+0.64) PE/e 2362 KEV peipey
. . I | 415 keV
 p—— T —
i 1 1 1 1
5 §) 7 8 9

Light Yield [PE/keV]

- The detector-dependent parameters are
determined using charge and light yields
from different sources

- ¢, and g, enters the combined energy scale
definition

g1 g2
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Background
and mitigation

strategies




ER background components

10~
- External sources:
- 1072 materials radioactivity
Z L
2107 » Mitigation:
o fiducial volume, screening of materials
= 10
iﬂ 107
- > Internal sources:
— 222 85 136
g 1o  Total _ mp Rn, %K, **°Xe, solar v
» — materials — “Kr > it Tola K
% 10°7 M/tlgat/on. o
— 136xe — solar v It it depends on the source, fiducial
10°8 \ 7 P volume not effective
0 500 1000 1500 2000 2500

Electronic Recoil Energy [keV]

XENON1T, JCAPO4 (2016) 027, arXiv:1512.07501
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Kr and Rn mitigation

]0—|_ T T T T 222

_ . 382d | Rn

3 "‘+-._R 86

P10k e e o

SRS | A K 218 214 210
g ALY 160 ps

g T 3m| Po Po Po 1384
S10F A ﬂ+“ i 84 214/B(s4 210/[;84
S law e e e e a Bi (° « Bi 7P e
Sl s o8 I {1 214/83 210/ 183 206
: 188 23 B Zm| Pb P m ] Pb sa. | Pb
= == T B 82 82 2y 82

s/ & B s B z
10 F © @] ] &) o
1 1 1 L
N \© NS N NS NS
gi’m o° e ‘;o"l v 0@‘-% w“q‘ qe‘ﬁ‘q‘

> Reduction of Kr and Rn level with dedicated distillation columns

The a decays of the Rn chain can be easily excluded (high energy), possible to tag BiPo
coincidence decay

> Only problematic contribution is the 2**Pb decay
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136Xe and neutrino mitigation

- 13¢Xe (8.9% abundance) undergoes (33 decay, ~ Solarv scattering off electrons
t,=22x10%"y
v+e- - V+e-
136%e — 195Ba +2e~(+27)

- Peak at spectrum endpoint Q,, = 2.458 MeV - Mainly pp v with energies up to 420 keV

Y

It's not possible to reduce these backgrounds as done for 8Kr and %?2Rn

Y

As mentioned, fiducial volume doesn’t help here

v

Strategy is to precisely describe them and include in background model

A4

Both backgrounds are not dominant in the low energy region
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NR background components

—— Atm+DSN Atm o DSN
— ;Dlat” L L > NR background much smaller than ER background, but
— eutrons

important since it mimics WIMP interaction
10°
> Neutrons from material
Fiducial volume, exclusion of multi-scatter events, tagging
with a Neutron Veto

10!

10°

= 107!
= - - Coherent Elastic v-Nucleus Scattering (CEVNS)
5 From solar v (B, hep), atmospheric v and diffuse
H0 supernova v
10-4 ~ This is an irreducible background, need a good modeling

1077 ge 107 ' 107 - Cosmogenic neutrons

Recoileliekgy ko] These are muon-induced neutrons, they represent a
XENON Collaboration, JCAP 11 (2020) 031 negigible contribution with the help of a Muon Veto
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Science cases
for dual-phase

xenon TPCs




Direct dark matter search

Science cases
for dual-phase

xenon TPCs




The problem of dark matter

thermal freeze-out (early Univ.)

Dark - indirect detection (now) December

Matter
23%

~ Dark Matter is made of new particles beyond the

—_——-——
DM SM
standard model
WIMPSs are a class of candidates
DM SM
-

~ We can search for WIMP scattering on nuclei of
production at LHC ordinary matter

TODAY

direct detection
\%4
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Xe pros in the search For dark matter

I ER I Wall Neutron M AC P WIMP
104 F

m,=100 GeVic? og=1x1 0¥ em?

107k

Rate [t x y! x keV']
=

cS2 [PE]

Recoil Energy [keVnr]

-~ Large masses and homogenous targets

-~ Low energy threshold (few keV) 100

cS1 [PE]
> Very low intrinsic background

© Volume fiducialization WIMP search in the NR region

~ Heavy nucleus - large expected interaction rate with almost no background
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Leading technology

WIMP Limits vs Time: principal detector categories

10-36 10°
10-%0 { » Spin-Independent WIMP-Nucleon scatten:ng

E > 90% C.L. exclusion —
> ] . E 107 NEWS-G (2017) lig=2 B
@ 41 ] > u o
o 1073 — —
Q E « B c DAMIC (2017) c

1 (o] s i,
:n_, _42 o n + 10771 cpmsLite (2018) r107* 5
@ 10773 o @
— wn
D sl - 0 19-22 DarkSide-50 (2018) l10-6 &
T 10743 5 v o
2 E v - % S SuperCOMS (2017) S
o ] L c 44 DEAP 3600 et a S
R 10_44 3 °® ™ o 107 10° a

3 [1}] —
u irs Crystals S PandaX-Il (2017) s

] ® =
= 10—45 4 . C 1p-96 10-10 ‘|:
c i < Cryogenic a g o
S { e Liquid Xenon 5 XENON1T (2018) %
E 1046 4 3 . ® ; 10-98 1074 —
L= i =
= 5 Liquid Argon ° . = =

1 ® Bubble Chamber

-47 | ®
10 E 1059 T ' ' 310_1‘1
10° 10t 107 10

1900 1995 2000 2005 2010 2015 2020

2
Year WIMP Mass [GeV/c?]

Figure from PA. Zyla et al. (PDG), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)
D.Akerib, Noble Gas Based Direct Detection & G3 (XLZD Proposal)

- Dual-phase Xe TPCs are currently the leading technology in the direct search for dark matter
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WIMP search best limits

o I 1 0 sensitivity 2 0 sensitivity
E 10—43
£~
F)b \
o 10—44
2
- X

— 8 -

E w 1074

2, N E

= %)

& ©) .

% E:') 1046 |

1 kS ;
3

; a 10—47 3
A, F

Timad ey PR Tt | e o e R 210—48 T | . . |
10’ 10° 10’ 10* = 10 102
3 2
WIMP Mass [GeV/ic™| WIMP Mass MDM [GGV/CZ]
LZ Collaboration, 2022 XENON Collaboration, 2023
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ER searches

N BO _ 214Pb — 136)(e _ 124Xe _ 83mKI"
Lor I 60 I Data 85Kr Solar v Materials — !33Xe
] Detection ) 50
i + Selection
08f | | 150 40
i Total = E}
& i 440 2 = 30
g 0.6 B 1 >’ \4:7’
& = 130 5 £ 20
qq:.' — | E 2
M 04f | S = = "
g {20 3
éi Solar axions
0.2 -J i i
) / B
¢ 1 \‘ .
0.0 ' AL 1 - s . \ . ;
' 1 10 102 0 20 40 60 80 100 120 140

Energy [keV] Energy [keV]

XENON Collaboration, Phys. Rev. Lett. 129, 161805 (2022)

~ Thanks to extremely low background in ER, it's possible to search for other dark matter candidates
(axions, ALPs, dark photon)

> Look for excess above a known background level

~ Background shape dominated by 2" order processes
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Solar and Supernova neutrinos

Science cases
for dual-phase

xenon TPCs




Coherent v-nucleus scattering

3.6
. - M =40 GeV /2
WIMP 6 GeV/c? 3.4 % . . .
2 4x10™ em? ' J
5 10 3.3l o P o e S g
g WIMP 40 GeV/c? T A R aes el il
2%10°* em — 3 CT Wy

X e ;
_% 1 ) 3.0
% WIMP 100 GeV/c? )
ol 107 2x10™" ¢cm? S 2.8
» (@)}

=)
- = 2.6
2,107 .
% ----------- o Al e ——
= 10° N 8B x500, ER x5

4x107 5 a 4\5' 678910 20 % JE = s 20 - ~
x10 1 S1c [phd
Energy [keV] L
L. Baudis et al.. JCAPO1 (2014) 044 Figure from the LZ collaboration, see also arXiv:1802.06039

> CEVNS constitute an irreducible background, but they also represent an interesting signal to study

> XENONNT will attempt the first detection of 8B solar v with CEVNS
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Supernova neutrino

27 Msyn, LS220 EoS

30t ; _
—— DARWIN (401) » If a supernova happens in our Galaxy, an
o e e intense v burst will be detected by several

— XENONIT (2t)

detectors

o

> Dual-phase Xe TPC can observe CEVNS
iInduced by these supernova neutrino

Detection significane [o]
N

I Milky Way Centre

I Y > Interesting point is that this channel is
B independent of v oscillation effect (this is not
z: B the case for other interaction channels as the
| % 3 IBD)
0 N 24() PRS- 410 i e 6:0 . 20

SN distance [kpc]
Lang et al., Phys. Rev. D 94, 103009 (2016)
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Neutrinoless 33 decay

Science cases
for dual-phase

xenon TPCs




v-less B decay

Standard process New process
. . . .~ Aprocess violating lepton number conservation
i “’1{’<e,— g q T d
Ve W ~ It would imply v is a Majorana particle (v and anti-v

v v 1_ are the same patrticle)

[-X-%

(=%
caa

ac

100 : - 16Xe (8.9% abundance) undergoes B decay

(with 2 anti-v)
136Xe — 136Bg +2e7(+27)

» Candidate for v-less (33 decay

0 02 04 06 08 1 - Peak at spectrum endpoint Q,, = 2.458 MeV
(Ee1+ Ee2)/ QBB
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Search for v-less B3 decay

= 214p: 135){3
— Fit — Bi, TPC - Olgg )
Materials — .. 298] shell Unblinded region XENON Collaboration, Phys. Rev. C 106, 024328 (2022)
— Btxe — 136Xe 0uBB { Measured spectrum
103 T C ]
l L -
I 3 =
— 1
- XENON1T =
L 10 ) i 10° | . 535
o E £ 1 = <4
b —_ [ XENONNT 1000 days projection 1 29 o
] ~ L ]l o
2 10t F < I I
£ 3 2 107 F 3
g :-E 3 ]
= C ]
10° & = [ ] ]
A= E g L Inverted hierarchy |
L 1072 | 3
= ]
3 -
o . 1
'g Normal hierarchy J
o 10—3 e N | L3 u syl L3y
1600 1800 2000 2200 2400 2600 2800 3000 3200 10-4 10-3 10-2 10-1

Ener keV
nergy [ ] Miightest [ev/c?]

> (Good energy resolution at Qg (< 1%) is crucial to reach a good sensitivity

« M-t
Soy X €7 - \/ AEb

e: detection eff., A: atomic mass, AE: energy resolution & b: background level
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Rare decays

Science cases
for dual-phase

xenon TPCs




Observation of **Xe decay

Electron capture

——. 13Imyg 214pyy
- 83mKr Solar v
—_ 85Ky 136y o

Neutrino emission

LM
Atomic /R
relaxation | 8.4
—— Materials —— 2VECEC
—=—- Interpolation Blinded region
— Fit . 12

\4

\4

Residual

25 50 75

E. Aprile et al.

27/6/2023

\4

100 125 150 175 200
Energy [keV]

(XENON) , Nature 568 (2019), no

Andrea Molinario

THEEC [yr]

102 | t
1 1 1 1 1
Q® 32 éﬁ @@ 5§
O O & O &
& & & 4,@ &
& & = <

1022

102* | —=- XENON100 (2016)
. = A T

[ XENONIT (this work)
[~ XMASS (2018)

124X e undergoes a very rare decay via double electron capture

Observed for the first time in XENONI1T (2019)

Longest half-life ever measured (1.1 +0.2_,_ +0.1

. 7753,

*Xe + 2e" - *Te + 2v,

532-535

Giornate di Studio sui Rivelatori
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Currently
operating

and future

dual-phase
xenon TPCs




XENONNT

XENON

\4

Where: Laboratori Nazionali del Gran Sasso (Italy)

A\

Target mass: 6t

\4

Status: Taking science data
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LUX-ZEPLIN (LZ)

> Where: Sanford Underground Research Facility (SD, USA)

> Target mass: 7/ t

~ Status: Taking science data
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PANDAX-4T

ru-ur"}’ _:.

AL ERRARRN RS

A\

YT 1L i

Where: China Jinping Underground Laboratory (China)

\4

L
rllllbllp|tltlt|l|l|||ll|la||||ia

Target mass: 4t
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Status: Taking science data
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The future: DARWIN

topsensorarmay > R&D and design study ongoing for a large LXe dark

== (955 PMTs, electronics,

copper + PTFE panels) matter detector

outer cryostat

inner cryostat top electrode

frames menum) > 50 t LXe total (40 t in the TPC)

TPC reflector

eree22paneis) > TPC 0f 2.6 m diameter and 2.6 m drift length

bottom electrode

frames (Titanium) > It will continue the search for dark matter

field cage
(copper, 92 rings)

support structure
(PTFE, 24 pillars)

bottom sensor array

> It will be a large observatory for astroparticle physics,
pressure vessel v-less B3 decay and rare processes

DARWIN, JCAP 1611 (2016) 017
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Final summary




Final summary

> Dual-phase xenon TPCs are detectors with many interesting properties:
energy reconstruction, low energy threshold, position reconstruction, ER/NR discrimination

~ They feature a very low background, in particular in the NR region

~ For this reason, they are well suited for the direct detection of dark matter, for which they are currently
the leading technology

~ They are employed also in other rare events search: neutrino interactions, rare decays
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