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The XENON collaboration
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Main goal: direct detection of dark matter with a dual-phase Xenon TPC
3
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XENON: direct dark matter ..
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search with a dual-phase TPC
STtop
CXe . s - Atime S1: prompt scintillation (light)
AT B - S2: proportional scintillation from electron
.- = *_"_ — drift and extraction into gas (charge)
| Xe — drift time
: (depth)
» E.. S S2
particle T : [ = LX/ " Drifttme
cathode ,...--—: fg;_?-'* v
== ( 3'1 52 ) Electronic}
‘ Recoill
ST bottom SztOp — '
L{/ B Drifttime J

- Energy: from S1 and S2
- 3D position reconstruction:

- X and y from S2 pattern on top PMT array
. z (depth) from drift time (S2/S1)wimen < (S2/S1)yp

- Electron and nuclear recoil discrimination
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XENON: direct dark matter
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search with a dual-phase TP
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S1: prompt scintillation (light)
S2: proportional scintillation from
electron drift and extraction into
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The XENON project e o
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XENON10 XENON100 XENONIT XENONNT
2005—2007 2008—2016 2012 - 2019 2020 — 2026

ear future

Total mass : 25 kg Total mass: 161 kg Total mass:3.2t  Total mass ~8.51
Target mass: 14 kg Target mass: 62 kg Target mass: 2 t Target mass: ~5.9t
Drift TPC: 15 cm Drift TPC: 30 cm Drift TPC: 96 cm Drift TPC: 148.5 cm

Limit ~ 1043 cm? Limit ~ 104> cm? Limit ~ 10%’/cm? Sensitivity ~ 1043cm?

C. Macolino
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The XENON1T experiment DELL’AQUILA 3%
@ LNGS (ltaly)

700 t
pure water Cryogenics

and purification
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1500 m overburden
(3600 m.w.e.)

NNNNN
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84
8" PMTs

Cryostat " ' , slow control

- jal. Krypton

P’ W /, y
i
\ ; y y/

o , Water Cherenkov
%= -~ 2 muon veto

] storage _

Google street view: tinyurl.com/Ingstour
TPC inside the Water Tank + Ancillary systems: purification, Krypton

distillation, cryogenics, DAQ, slow cgntrol, Xenon storage
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The XENON1T TPC o s
« 3.2t LXe in total @180K
«2tinthe TPC

« 97 cm drift, 96 cm diameter
* Drift field ~100V/cm

Highly reflective
PTFE walls

248 3-inch PMTs

* 35% QE @ 178nm
* Digitize at 100MHz
- SPE acceptance
~94%

EPJC 75 11 (2015)

38
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WIMP search i v

Neutrino properties ;

-Spin independent
-Spin dependent of 136Xe

-Low-E (sub GeV) DM -Double-electron capture in 124Xe

| “Jark photons || Neutrino magnetic moment .'
| -Axion-like particles | Lo O Magnetie mome

-Neutrinoless double-beta decay

SuperNovae | From the Sun |

-Supernova neutrinos
-Multi-messenger
information for DM

t experiments

-Solar axions
! -8B solar neutrinos
{ -pp neutrinos i

C. Macolino
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S| WIMP search results

- 1 tonne*year exposure
- 4-dimensional profile likelihood
3 continuous (cS1, cS2bottom, R) and one discreet (inner, outer)

Il ER M Surface Neutron I AC W WIMP

2
£

Normalized

4“"'"‘“’*""’."‘*‘ ‘S‘
.

, A 'nu..“
e & s

Ll 1 Ll lll
10! 102
WIMP mass [GeV/c?]

cS2y, [PE]

L% @D

WIMP-nucleon o [cm?]
= =
B 5
T T

Surface backigrounc]'::',-""

10_47-_|||| 1 1 R A | 1 1 I B T B

03 10 . 20 30 40 50 .60 70 500 ' 10I00 L 15I00 - 10’ 10° 2 10’
/ cS1 [PE] R? [cm?] WIMP mass [GeV/c?]
1 9.and 2 o contours - -- NR Reference region
200 GeV/c2 WIMP 9 « XENONIT is 7 times more sensitive
S compared to previous experiments
(LUX, PandaX-Il)

Highlights Recent Accepted Collections Authors Referees Search Press About

e Most stringent 90% confidence level
upper limit on WIMP-Nucleon cross

Dark Matter Search Results from a One Ton-Year Exposure of .

XENONIT section at all masses above 6 GeV

E. Aprile et al. (XENON Collaboration) ° O-SI below 4.| ° |0-47 cm2 at 30 GeVIC2

Phys. Rev. Lett. 121, 111302 — Published 12 September 2018
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S2-only and Migdal analyses ¥ . { |

Different interaction
¢ Mlgdal effeCt 10729 L Spiln—independent I I .
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Phys. Rev. Lett. 123, 251801 (201 9) XENONIT —— CRESST-O (neutron) === S1-S2 data (XENON1

Phys. Rev. Lett. 123, 241803 (2019) (S1-82) 10-35L CDMSLite (neutron) == S2-only data (XENONIT)
i ' ' | l l 0.08 0.1 0.2 0.5 1.0 2
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Double electron capture of ¥ (|
124Xe 124Xe ECEC:

- Longest half-life ever measured
directly:

1.8x1022yr at 4.40 significance
* Important observable for nuclear
structure models
ki » Sensitivity achieved thanks to

h/
Atomic 4 ™
4 X ¥

highly radiopure detector

N 2; 201
ature 568, 532-535 (2019) - Step towards search for OVECEC

—-=- 18IMYe = 2l4pp —— Materials — 2vECEC
- 83Ky Solarv ~ ==- Interpolation Blinded region - _
— 85Ky — . 136yg — Flt 125 - = XENONLIT (this work)
a XMASS (90% C.L.) T
1023 === XENON100 (90% C.L.)
= >
2 T> é 1022 | T
U +~ Ll -
ol ]S :
g ~
102 |
b R T T L T LT PP
- .
3
? | ] 1 1
o
13) 15) 198) 18)
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Energy (keV)
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Low energy electron recoil e
excess

Electron Recoil with energy < 30 8000

keV:

- Excess between 1-7 keV

« 285 events observed vs. (232\¢+/- 15)
predicted

- would be a 3.30 fluctuation

- Lowest background ever achieved in
this energy range

M ER W Surface Neutron W AC W WIMP

2000 75 »

cS2; [PE]
o
S

1020 30 40 50 60 70
e51 [PE]
arxiv: 2006.09721

Not considered background ?

(0202) ¥00Z20 ‘20l @ ‘A9Y "sAyd

the Tritium hypothesis
OR 2w ]] | i
i~rc? 5 l“] r A1] ” ] -
New Physics? 2w T | | |1r
o Solar axions § ] :
o Anomalous neutrino magnetic moment —B
o Bosonic dark matter T — i
o many other possible interpretations... S
13 Energy [keV]

C. Macolino




Low energy electron recoil excess sjg vr=m i
Ak ) prou Stun
‘ DELL’AQUILA o
= 9 = XENON
New physics ? Solar axions
Favoured over 90% C.L. contour
. 90% C.L. 3D contour s
background at 3.40 projection
* Drop to 2.1 ¢ if Hy=By+3H .
140F — Hy:By Y e 'ABCaxion - T = 1 '
—— Hj: By + axion =~ e 57Fe axion faof ]
. 1200 Primakoff axion ] 25 E 108 -
E 100+ l - <
‘i; oor | [ I I J 1
S SERLURLRUTIR Y :
& aof I 5 I CAST ' :
20+ . é’: : T _
o Lzt e T T il 1, | | % ¢ et XENON1T
’ ’ lOEnergl;) [keV] o 25 v ::‘L L - 1W0rk) 1
1 2 3 4 5
T T T T T T T ' S ARC B
20F - Phys. Rev. D 102, 072004 (2020)
% sl Prokoft gl |+ Result in tension with astrophysical
&z 7B o (g4 g’ constraints (axions cool off stars too much)
% 10} 1 -+ Gao at al. (arXiv:2006.14598), Dent et al.
s b (arXiv: 2006.15118): point out that the
Sr . . . . . .
tension is relaxed if axions are considered to
0 " originate via the Primakoff conversion of
.0 2.0 5.0 75 10,0 125 150 175 20.0
Reconstructed energy [keV] phOtonS Only

C. Macolino 14
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Low energy electron recoil excess W

Giois
<

New physics ? Neutrino magnetic moment

 In many extensions of the Standard Model neutrinos acquire mass and also
electromagnetic properties

- Can generate important effects in astrophysical environments

- Majorana neutrinos are predicted to have large magnetic moments (uy > 10-15 up)

Source: neutrinos from the Sun (pp-reaction)

Detection: elastic scattering off electrons Phys. Rev. D 102, 072004 (2020)
Would lead to higher Favoured over In tension with
cross-section background at 3.20* astrophysical limits
40 . . . . . T T T T T 10tV E T T T T T
N e | WSt 000 = al Ly, € [1.4,2.9]x107 111, at 90% C.L.
B p,=28x10" pp 120 - i i
— 30 —~
5 I E;loo- | ‘
:izo g e l - ] l En_ 10711 | I -
%:‘ 15k Detector efficiency ‘2 60 l l I- 3
élo- & resolution applied | % a0k I T
5t W,
e S S [ S
Energy [keV] Energy [keV] - Borexino Gemma Globular ~ White XENONIT

clusters dwarfs (this work)

* Drop to 0.9 if Hy=By+3H

15
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Low energy electron recoil excess wjg o= &
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New physics ? Bosonic dark matter

keV relic dark matter: ALPs, SuperWIMPs, dark photon
Search for mono-energetic peaks Phys. Rev. D 102, 072004 (2020)

Most significant at 2.3 keV, No excess above 3¢ [
10’ pPr———mmr———— Axion-like particles EDELWEIS6-111
5: — 5 keV
10 F — 20keV 3 1011
> 4 .Jl — 40 keV ] SuperCDMS l. Q : '
e 10 5;'r:l l —— 80 keV ' "ir‘l..f, ) u 'I' ol 45 Ty
= ., sf| 160 keV ) AN Myl 1 GERDA
s 10 i , 1012 e VY , .
o b g Wy v
< 102j I TR ] 5 M i g XMASS ,,
o ! H 1 K \ > !
t 1 1! ' / g ’” 35
£ 10 '. 1018
o oh | XENONIT ’
» 10 i iS2-unly) XENONIT
107" ; 1014 (this work)
10—2 I!i I R R
0 50 100 150 200 [ A B WA A St | I 15 2 |
Energy [keV] 107! 10° 10! 104
m, [keV/c?]
8 T T T T T T 10-10
- noerd . oY e mGEE Y TR AR R BB !
7k D k h L‘i,)LL.L\'E:\S’-)/
a1
5 2.3+ 0.2 keV ot Dark photons |
5 30 (global) i ; 1012
=
o4 5 X 1013
, 8
3 ] S 1014
nl | 3
g -
s | i, 5 3 g :
lGZ XENONI1T
] ] | 1 10*° |- (ENON1* i
08 20 22 24 26 28 3.0 E Szouy) (Ealsware)
mass [keV/c?] 1017 L A

A A A A L llll A A L AL l‘ll L A L A A LA
16 10! 10° 10! 107
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Coherent Elastic Neutrino-Nucleus Scattering for B XENON
neutrinos from the Sun

- Irreducible background to WIMP search

- Lower detection threshold from 2-fold coincidence

* Phys. Rev. Lett. 126, 091301 (2021)
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CEVNS of 8B neutrinos

Coherent Elastic Neutrino-Nucleus Scattering for ¢B
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* No excess observed in a 0.6 tonne*year exposure
* Non detection of solar neutrinos to constrain:

- light yield and ionization yield

- light dark matter between 3-11 GeV/c?

®cepns[108cm™2s71]

Qy scaling parameter

ot
X
=

i
:QY
|
!
!
I
i

<, XENONI1T
+ Qy + Flux

f
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0.75

Ly [ph / keV] (Flat)
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5o tiqud Xe |
_(3x XENON1T) |

XENONA1T

Background |
reduction:

- Material selection and §
i screening 5
+ Radon distillation
column
t - Radon-free purification §
7 pump |

i purification ¢

¥ system $
- (~1500 slpm) |

| Active neutron |
. veto with Gd |

! | High energy |
| loaded water | |

readout |

C. Macolino 19
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XENONNT: the next detector ¥

&

Installation finished during the 2020 lockdown

DELL’AQUILA  °****°

thanks to the dedictin and effort of XENON
collaborators during the Covid pandemic

20
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|
XENONNT: Status of Cryogenics and Purification
e Cryostat filled with ~8.6 t of LXe e Switch to O: filter with ultra-low Rn emanation
o 6 wks for cool down and filling through gas purifiers o Reached electron lifetime of >7 ms
(high temperature getters) T
o Started LXe circulation and electron lifetime 10 Low-Rn O, Filter 7 ms q
measurements with dedicated purity monitor ' ;atz (lp‘““y G
- ode’ — g e
e Initial purification of LXe volume with GXe Z SRR LS
purification system @ 60 slpm 2 ,z”
. ‘e . B il
e Cryogenic LXe purification = /,’
o Started with a high-efficiency O: filter (copper on § o Parameters
) 5 A/ LXe mass: 8620 kg
alumina support) = Wi 0, outgassing: 0.08 mg/d, J as '
o Electron lifetime went from 100 us to 5 ms in 5 days! // Filier eifitiency i
o Continuous improvement with decrease in outgassing iR PR ]
o Reached >10 ms after ~1 month of operation A 00 cttmmsw
W 2 4 6 8 10 12
10 e 1, = 2021/01/19 16:00:00 Time [d]
| High Efficiency O, Filter
Data (purity monitor) =
Model =
2 5 ms in 5 days!
g g
é 10 - Parameters o E
= [ LXe mass: 8620 kg
g O, outgassing: 0.11 mg/d
g Filter efficiency: 100%
o /
- oxepurifictionony__
B (P
102 ;_n_.ﬂ-v— Cryogenic LXe Purification (2 LPM) ]
i GXe Purification (60 SLPM)

0 2 4 6 8 10 12 14 16 18 20
, = 2020/10/27 00:00:00 Time [d]

21
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XENON

Neutron veto

120 8” PMTs to detect Cerenkov light from n-capture, inside a high reflectivity volume around the cryostat.
Under commissioning since the tank has been filled with demi-water in De mber 2020.

= PMT gain

4 DBrun13071 |
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XENONNT: the next detector

XENONNT radon removal system

XENON

Key performance parameter
« Basic concept proven:
EPJ C77 (2017) 358, arXiv:2009.13981
o Flow: 0.4 1/min LXe =200 SLPM = 70 kg/h
« Radon reduction of factor 2 for type 1
sources for XENONNT (8.5 t LXe)
Cryogenic distillation column

« LXeinlet and outlet

« Cooling concept:
top condenser: LN,/Xe heat exchanger

output liquefaction: Xe/Xe heat exchanger in reboiler
(heat pump concept)

o RefluxratioR=0.5
« 45 m?packing material surface

Radon-free compressor

o 4 cylinder magnetically-coupled piston pumps

(EPJ C78 (2018) 604)

« Phase-shifted synchronized movement Status of the system
« Flow: 200 slpm, AP: 2 bar « Thermodynamic stability successfully tested
« Radon emanation: (0.30+£0.05) mBq « Radon removal ongoing using XENONNT as radon monitor

o Promising preliminary result — data coming soon

2
C. Macolino 3



XENONNT: the next detector ¥ =

) DEGLISTUDI ‘i
DELL’AQuILA
XENON
Commissioning data from XENONNT
) 'Il;hae3c32_tottxy q;zt:Lbugg" ffrom - Sum waveform and S2 hitpattern of a
3; 1kmve"e'; 3 ‘zllvll( y de S from krypton calibration event
.1keV and 9.4keV decays
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Study of commissioning
data is ongoing

Intensity

10°? ¥
0 467200

Time since first S1 [ns]
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XENONNT: the next detector ¥ = |

L. DELL’AQUILA  °*°*°
Sensitivity

10—46 -
XENONNT SI projectionin 20ty [ XENONNT SI projection
P B Discovery limit (50) e XENONIT 50 GeV/c2 WIMP
. -=-= Discovery limit (30) N3
& X —— Sensitivity (90% CL) =
& sl N +10 expected £
= 107% "-, +20 expected ©
g L\ z
”\ 1047 -
g 10-46L " g :
T R 3
(:"1J : TS c:.;
S 1077 e ettt =
E . - .t ’— E
= 1048 \, P ek = o
N —e 100 -
"~ - =rall .
—49
10 L1l l l l I

103 0 5 10 15 20
Exposure [ty]

tivity paper: JCAP 11 (2020) 031
arXin:2007.08796

WIMP mass [GeV/c

The XENONNT sen

Detect this dark matter by 2025!

- XENONNT TPC + neutron veto+Purification and Distillation
systems installed and operational

- Commissioning data currently available

* First science run soon!
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Backup
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Energy calibration -

DELL’AQUILA  °***°
XENON
Energy reconstruction
51 @ 2D analysis 1D analysis
k / \ = Uy ° 51&
Ocnph A G% % . ® - ‘26%
< . o .
E = + W—(E+£)W Lt t * f
= (nph ne) - gl gz . . > + + 4
500 = I
| $A [ve] E [keV/]
< a00ft3323 ke g2 g281
$ "W glE
8 il ® 2D analysis : use of both S1 and S2 signals
W o ® Determination of scintillation (g1) and ionization (g2)
~ > gIMKr . . . .
& g s15kev gains with calibration data
5100-[91%142&8:888% pe’phJ — 1D analysis : Combined energy scale as analysis space
g2 = 11.55:3:31 pe/e
O : ¢ 7 8 510
Light yield [pe/keV]
S1/E
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Background

ER background by isotope

40K
232Th

228Th
226Ra
: 137Cs
238
) u

235U

ER background by material

PMT Bases

Copper, Teflon
Electrodes

Bell

C. Macolino

NR background by material

PTFE components
Cu components
o k

Cryostat shells

Others
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Low energy electron recoil excess wjg o= &
DELL’ AQUILA XENON

The Tritium hypothesis
* Long lived beta emitter (Q-value

— ator atcincy 18.6 keV, t12=12.3 y)
- Cosmogenic activation of Xe or
4508 atmospheric abundance

i o - Favoured over background (Bo) at
Energy [keV] 3.20
(a) Tritium
| pop— B || - Best fit rate: (159 +/- 51) evts/
>
%:100- ] | l [ i (t*y*keV)
§ 80 : -
% 60} | I -
g 4of 1 | N 3H/Xe concentration:
] (6.2 +/- 2.0)*10-25 mol/mol
0 5 10 EnerglyS[keV] 20 25 30

- 3 tritium atoms per kg of Xenon
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Low energy electron recoil excess sjs

B | DEGLI STUDI  “:afsissssss

N . DELL, A QUIL A Ceeee

The Tritium hypothesis

1. Xenon gas stored above ground
Tritiatited Water (HTO)

— (32 tritium atoms/(kg day))
T 10T g i 1ppm of water implies formation of
§ 104 "'—I—A-l.):ve d 2. Underg d %: :10—21 % HTO
g" " product decay éi g
= 102 5: _: 10-23 g
> = = 2. Xenon gas moved underground
I Decayl o ®3
% 10°F aa--. HTO prediction :% _ —10725 E and decay
< @® SRi best-fit tritium } E 5 o 3
T 1072 = J10-77 :
T T . S 3. Xenon into the ReStoX storage
O o0 0 O o O g0 4O vessel: ~x4000 reduction as water
Time [days] condenses and remains on the

vessel walls
Very unlikely to explain the

excess with the tritium 4.Further decay until detector filling
hypothesis: predicted rate  5.when filling the detector Xenon is
X100 lower efficiently purified (99.99%) in

dedicated hydrogen removal unit
30
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DEGLI STUDI  “jsisiiiesss
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2

Low energy electron recoil excess W

Giois
‘D

The Tritium hypothesis

HTO:H20 concentration (or HT:H2) = (5-10)*10-2 mol/mol
Required concentration to explain the excess = 60-120 ppb

TRITIATED WATER (HTO)

From the light yield one derives
O(1) ppb H20:Xe
too low

TRITIATED HYDROGEN (HT)

H2 would requilie equilibrium
emanation rate ~100x higher

than electronegative From the electron Ilfetime one
impdrities. | | & derives <1 ppb O2-equivalent

al {8

n Cal §
=

Y @

impurities
9
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