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« 170 scientists, 27institutions, and 11 countries
*Nagoya, Kobe, and Tokyo groups from Japan

 Our contributions: LXe purification, NeutronVeto, and Analysis



XENON and DARWIM Program

DARWIN
sessse soccee \

XENONNT
Total Xe: 3.2 ton Total Xe: ~ 8.6 ton
Target: 2.0 ton Target: ~5.9 ton
Fiducial: 1.3 ton Fiducial: ~4 ton

XENONTO0 XENON100
Total Xe: 25 kg Total Xe: 162 kg
Target: 14 kg Target: 62 kg
Fiducial: 5.4 kg Fiducial: 48 kg

DARWIN
Total Xe: ~50 ton
Target: ~40 ton
Fiducial: >30 ton

XENONIT

DARWIN

XENONNT

XENONI1O XENON100

o o m o



Liquid Xenon Time Projection Chamber 4

3.0 1., S2 hit-pattern (top)
2.5 5 110 5
12.0 8 O(1-10) ps |, &
() Q
1.5 -§ 16 '§
1.0 = 1a c_;:.
HEEREGLOEERERE 105 & 12 E
B0 0
P, 450 50
D D
— {100 E 100 £
. © Z
= 1150 ° 150 ~
= =
. s =
: | 1250 . - , 250
0.4 0.8 1002 1005 1008
Time (us) +7.236e2 Time (us)

« LXe/GXe at -100 °C

« Z-position from electron drift time: At (s1, s2)

« X-Y position from S2 hit pattern in the top PMT array

- Particle ID based on S2/S1: (S2/S1)y.e (ER) > (S2/S1)WIMP, neutron (NR)



Particle Discrimination Phys. Rev. Lett, 121, 111302 5
Nuclear Recoil (NR) Electric Recoil (ER)

Bl ER M Surface " Neutron I AC B WIMP Bl ER M Surface " Neutron B AC W WIMP
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* Neutron *Pb214, Kr85, solar pp-neutrino, etc
* WIMPs, coherent neutrino scattering * Axion, ALPs, dark-photon
— a few events / ton / year — O(10-100) events/ton/year/keVee

PID helps to discriminate NRs from lots of ERs search for excess above well-known ER BGs



XENON1T WIMP Results

DM-nucleon cross-section [cm?]

-
-
I

w

N

=
-
I

w

(o)

S2-only Migdal
\

S2-only NR

51-S2 2-fold NR

S1-S2 3-fold NR

- - (- - = -
o o o - - -
I I I I I I
B B B & B W
0 (o)) & N o 0o

0.1 0.3 1 3

10 30 100 300 1000

Dark matter particle mass [GeV/c?]

QCD axion

1 0_22 eV clla()szic window

-10%eV

T

“Ultralight” D

non-thermal
bosonic fields

“Light” DM

dark sectors
sterile v
can be thermal

Phys. Rev. Lett. 121, 111302, Phys. Rev. Lett. 123, 241803, Phys. Rev. Lett. 126, 091301

* The most promising DM candidate is thermal DM with weak charge

- XENONA1T is currently leading the searches both in low & high mass
regions, but no evidences

—See Michelle’s talk for Migdal search

* Other DM candidates? 10™° g and 10% g: 100 orders of magnitude
INn Mmass...

- Performed dedicated searches based on so called “S2-only” and
“single-electron” analysis for low mass DM.

10 M,

WIMP | Composite DM Primordial

(Q-balls, nuggets, etc) blde holes

Figure from Tongyan Lin,
TASI lectures on DM models and direct detection, arXiv:1904.07915




XENON'IT SZ-Only Analysis Phys. Rev. Lett. 123, 251801 7

Mean energy in flat ER spectrum [keV ]

015 02 03 05 07 1 23 +single photon detection eff. ~ 10%
< . <-> single electron: 90-100%
10° | 20 GeV /c?
' 2 tonne-days +Without S1 signals (= S2-only), we can improve
reconstruction eff. for low mass DM.

*However, no complete BG models are available

*New limits on several BSM models: ALPs, dark-photon,
DM-e scattering

Events / (tonne x day x keVe)
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S2 IPE]
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XENONA1T: Single-Electron Analysis

101

101

1072

101

109

101

1072

1073

Events/[electron-kg-days] Events/[0.04-electron]

10~4

- Extended S2-only analysis down to a single electron

109

—— 5 MeV/c? —— 35 MeV/c? B Data
S2 [PE]
14.0 28.0 56.0 84.0 112.0 140.0
I I ! I I I I
30.8 kg-days

=— 1.8 kg-days i 12.7 kg-days i
= I '
- 1

DM-e scattering via
a heavy mediator

XENONI1T S2-only
XENONI1T SE (This Work)

1 2

3 4 D

S2 [electrons]

Kinetic Mixing €

Jae

10713

10—15

arxiv: 2112.12116

XENONI1T SE (This Work)

__Dark Photon

E Axion-like Particles

XENONI1T SE (This Work)

SuperCDMS

XENON1T S2-Only

XENONI1T Low-ER

IIIIIII 1 L1
102

L1 IIII | | L_1.1 IIII
1071 100
my [keV/c?]

- BG = delayed electrons correlated in time and position with high-energy events

* No complete BG models — Set upper limits by considering all the observed data are DM candidates

* New limits on several BSM models: ALPs, dark-photon, DM-e scattering

101 102

8



XENONT1T: Electronic Recoil Excess

Events/(t-y-keV)

Excess in (1,7) keV;

- 285 events expected

- (232+15) events expected
= 3.3 0 fluctuation

Unknown origin: tritium, solar axions, ALPs, dark

photons, something else?

= XENONNT can probe the excess with better
L Xe purity and lower BG level (~10%)

140 F Ho: By  eeeee ABC axion 7
120k - Hjy:Bg +axion = seeee 57Fe axion |
------ Primakoff axion
100 |
80 ] l |
60 ] l_
40 | )
20 |
....... L. l |

Energy [keV]

30

. 3
)
5 3
A
solar v =
T
= HB stars -
e ]
o I § CAST :
2 l(g—- (ma < 10 meV)
B |o
=] |3 -
7 vSL E
o 2 XENON1T
L 5 (this work)
@ I I
0 1 2
le—12

Kinetic mixing K

Phys. Rev. D 102, 072004 9

120 I I I I |

100 Il

Events/(t-y-keV)

Energy [keV]
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XENONA1T: Neutrinoless Double Beta Decay

Amplitude [V]
W

—— Waveform Detected

—— Model Waveform
Reference Region
Distorted Region

2_
1_
0 | AN
-2 2 4 -2 0 2 4
Time [us]
—— Fit —— 21Bj, TPC  —=- Qgg*®
Materials ~ —.. 2!4Bi, shell Unblinded region
— 1Xe — 130Xe 0vBB t Measured spectrum
103 [ |
|
|
—~ , 36 kg x yr
< 102 | |
.—I|> : ¢ o
+ K 2
T EUE
> Nt 1y g \
b T 1 +
— ! * ‘ ..I 'I‘
9 i " !!m-.:u...,.ﬁu ot 4]
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| i ‘
= /\ | ||| 'F'!""MI I
) I A IR
'© . .
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©
-g . ) 00 ©%0 o
x 3[ l l l l l l
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Energy [keV]

arxiv: 2205.04158

Eur. Phys. J. C (2020) 80:785
5. LUX XENON100 |
! * EXO-200 % PandaX-ll . , ,
E n i 4 XENON1T-SS 4 XENON1T-MS | .
2 i A Lo L L
o i
W3]
< |
= 27!
- i . L o
D 0.93%{0.93% 1.06%% 10.95% 4  10.94%
11 ———
E 0-96%50.%9% 0.86%} 10.81% 10.81%
% 500 1000 1500 2000 2500 3000

Energy [keV]

.DM: S2 = 100 - 1000 PE <-> Qpp = 2457.83 keV (S2 ~1e6 PE)

» Saturation correction using non-saturated nearby PMT channels.

- High-energy reconstruction resolution (o/E): ~0.8% at Qpp

* Best result from a DM detector without an enriched target
(XENON1T: 36 kg x yr <-> KamLAND-Zen: 970kg yr)

0vpP3
T1/2

> 1.2 x 10%* yr



XENONNT Experiment 11

Rn distillation

column
New ER and

NR calibration
systems S -

4G i | ~8 times less Rn level
e 4 i : already achieved

.....

.....
S|

Upgraded DAQ
with dedicated
— | ———— high-energy
m __*; | e : readout

| [ =i, e
l

| | 3 | : : 7,
i y X i « F".',;,‘:; |'> ————_- '..
7 5
| - ; =il 4—,'__';' ‘ v {*‘ 'I TVF j
b L e 5 ] \ |
=) ] \ LS
| B 3

Larger TPC
with 3x active volume

P

L Xe purification
(our contribution)

Much better purity level

achieved (less Tritium)
Gd-loaded water Cherenkov

neutron veto (our contribution) See poster by Tuan Khai Bui!



LXe Purification

Cu powder on ceramic ball

Figure from SAES

* Direct liquid circulation with cryogenic pump

» Multiple filters

Electron Lifetime [Js]

10°

L Xe PUR, 5 msec in 5 days

High Efficiency O, Filter (High Rn) e,

Data (purity monitor) = /"'" &

Model s /

/
/

Parameters l i

LXe mass: 8620 kg /

O, outgassing: 0.11 mg/d // ]

Filter efficiency: 100% |

// GXe PUR. only
Gy prie e Wl
) 3 l-.--‘-&“ ...........
: _____,_—J

e e v — Cryogenic LXe Purification (2 LPM) r
E GXe Purification (60 SLPM)

-High eff / high Rn (for fast purification)

-Mid eff / low Rn (for DM data taking)

Lifetime [ms]

Purity Monitor e

N
w

N
o
I

[
w
|

10

arxiv:2205.07336 12

> 10 msec with low Rn filter

S TR

—

XENON Preliminary

| | | | | | | |
2 4 6 8 10 12 14 16
Time [d]

* Achieved x10 better purity than XENON1T (>10 msec)



Radon Distillation
Conlcaj:-nser _»

Radon-depleted
offgas

Rn decay

arxiv: 2205.11492
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rate [uBg/kg]

Preliminary
‘H*h

H*i” i +“+ b iy ;fi n*i* ﬂ[‘”i‘\w

222Rn a-decay

H*

best fit equilibrium: (1.72 = 0.03) uBg/kg

H |
Design: 1uBa/kg 222Rn level (XENON1T: 13uBa/kg)

norm. res. [O]

0 10 20 30 40 50

days since distillation start (intermediate mode)

» Constant removal of emanating Rn using difference in vapor pressure
(Rn atom accumulates into LXe more than GXe)

* Reached equilibrium concentration of 1.7 uBg/kg by gas extraction only (~8 times less BG w.r.t. 17T)

» Additional factor 2 reduction is possible via liquid extraction



Neutron Veto

Rate per bin [Hz]

norm. Resid'gals

14

102 -

101 -

10° 4

"

o
L

4.4 MeV from AmBe

N O N

- Gd-Water Cherenkov detector (SuperK/EGADS technology)

60
Event area [PE]

*Neutrons are captured by Gd, then produce gammas with total energy of 8MeV

» Covering the entire detector wall with ePTFE with ~99% reflectivity

» Can reconstruct 2.2 MeV gamma

80 100

120

» Tagging efficiency: 80-90% (simulation) with 0.5% Gd2(S04)3 - 8H20 See poster by Tuan Khai Bui!




XENONNT Experiment: 8mKr Calibration 15

1.0 A Separated:
83Rb 5 S1 Naive Ba
) - yes Score
(86.2 d) = 0.5F Canonically S1-like Canonically S2-like S1, from 32.1 keV
' I5 _
K P 70% 15% 9% a \ S1p from 9.4 keV
- 16000 [ |
18 |18 17500 A 0/
keV |keV : 14000 |- |
Ic |IC 15000 | DT
32.1 keV 30 keV IC - 12000 . : :
(1.83 h) 12500 — « .
] @ = VS:
kev [keV] & ; ~ 10000 |
X-ray Augl = 10000 < Merged:
v 2 keV Auger 2 keV Auger ill:x % ' : : v , .8 8000 % " A = °
== 7500 - 4 T ] 9 e ° S1.from 32.1 keV +
91.4i<eV 7.6 keV IC eV - T ; S 6000 |- T s, RS S1p from 9.4 keV
83KI’( ’ uer—lY— 5000 : i :_ : : ‘%', ,;ﬁ?
95% 5% I 4000 [ /
25001 1 : 2000 "\
Phys. Rev. D 96, 112009 (2017) 0:...................1.........:....|....: AN
0 100 200 300 400 500 0.5 1.0 0 ! | l l Syt
cS1[PE] Rate [A.U.] 100 200 300 400 500

Corrected S1 [PE] Figure from A.Higuera

*Resolved peaks in S1-S2 space
* Photon detection efficiency ~ 0.17 PE/photon (1T: ~0.14 PE/ph)
* Energy resolution at 41.5 keV ~ 7.6 % (1T: 8 %)

* Machine-learning based classification of S1/S2 signals established
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Based on Phys. Rev. Lett. 127 (2021) 25180
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17

* Improve existing WIMP limits by more than one order of magnitude with 20 tonne-year exposure

- Can reach some interesting SUSY parameter spaces (ex: pure-Wino LSP scenario)



Neutrinoless Double Beta Decay aniv: 2205.04158 18

136%e 0VBA
— Total — 137Xe -

TP =2.1x10%
Materials —— 214Bj, TPC 12 * s
8B solarv .. 214Bj shell Qpg
136y Region of interest
102 -~ i -
I i B =
101 A\ : 285 kg x yr Lo | 100 XENON1T : 5
- | E EX0200 : : -
I 100 | s | - B 1 1 5 CD v
= - e — . XENONNT 1000 days projection &
H> : > o p ¢ 0
L 1071 M o i 32 - >y
T o l’:‘\ 2T 10% F %) 107! F <
E 102 A 7\ it = . —
> el M\ g\ o ¥ &
g 10-3 e N ] '_I 2 L & Inverted hierarchy
. O ~~
&U N Y \ . : \ ll o 1024 U AN e 1072 | -
10-4 \,}- :\|I A% o EXENONlT E
! LSS \ ) Expected median lower limit (90% C.L.) - _
10-5 | I I I | s I I 15 range of expected limits Normal hierarchy
1600 1800 2000 2200 2400 2600 2800 3000 3200 , | | J '? | L= _——. s
10 _ _ _ _
Energy [keV] 200 400 600 800 1000 10~ 103 102 102
Live time [d] Miightest [€V/C?]

XENONTT) Tiyg ” > 1.2 X 10°* YT o (XENONAT) T7)5 © > 2.1 % 107 yr

*Not competitive with dedicated experiments due to non-enriched target and BG optimization
for keV energies.

* Results demonstrate feasibility in future xenon DM experiments such as DARWIN



Low-Energy ER Excess 19

From LZ, Phys.Rev.D 104 092009

0 | | | | | 12F a) T T T T = — Cchle : ! =
140 —— Hg: Bg+3H e ABC axion - I ""Pb:1pBy/kg (XENONNT goal) | AR Y \ _
_ . I ?"“Pb: 3 uBg/kg 10 — N \—=
120L ™ Hi: Bop+3H + axion =~ === >7Fe axion | 10} I 2“Pb: 5 pBq/kg (achieved in SR2) i} - o = \ V"V '\: =
< . Primakoff axion B _ ‘\EDELWEISS /V'\ / }.‘l,-: . iq.‘\a,"l -
Q 3H - : _ P - o A" g Iy .
.% ]_OO i @) 8 éﬂ 1 :”\Q _,' ‘|: \l\,'\/\\/‘ r{l\(}’;'l;‘\"“"""" \ ' |
_E’ 30 l _ g .= 10 = y .MJD o "_‘m“ e i "\’ =
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42 60 l T l l 1 l_ a_. 8 T N\ - / LUX 2013 N

[<b) M gk - (e
> d O -13 - _
40 g 10" == =
21 ]l B E
20 - T.) ]
1 1 o —

| | | | | | .
0 20 25 30 0 1 9 3 A 5 6 X 10714 — =
Energy [keV] Exposure [t-y] < = -
1015 | L
1 10 10
ALP Mass, m [keV/c?]

-~ 8 times less Rn BG already achieved using Rn-distillation (13pBg/kg@1T — 1.7pBg/kg@nT)

» Shape differences between tritium and solar axion enables to distinguish both models with
a few months of data.

*If no signals, XENONNT can improve the limits for solar-axion, ALPS, dark-photon, etc



Summary

- XENONA1T has set the strongest upper limit for WIMPs between 0.1 -
1000 GeV

- Dedicated S2-only/Single-electron analysis has been performed for low
mass DM searches
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- XENON1T observed an unexpected excess of low-energy ERs of
unknown origin, which will be confirmed or excluded with the XENONNT

s
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- XENONNT will improve on XENON1T with ~10% BG and 20 times more S AENG
exposure. iz
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- XENONNT is now taking science data. Please stay tuned!

GHEHAHET www.xenonexperiment.org

instagram.com/xenon_experiment

twitter.com/xenonexperiment

Credit: Henning Schulze EiBing


http://instagram.com/xenon_experiment
https://www.instagram.com/xenon_experiment/
http://twitter.com/xenonexperiment
http://twitter.com/xenonexperiment
http://www.xenonexperiment.org/
http://www.xenonexperiment.org/




XENON1T: Single-Electron Analysis

Kinetic Mixing €

Jae
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XENONIT SE (This Work)

__Dark Photon

E Axion-like Particles
10—14 L1

XENONIT SE (This Work)

SuperCDMS

XENONI1T Low-ER

XENON1T S2-Only

my [keV/c?]

IIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 L1
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101 1 L1 11

1 I]-I()2

arxiv: 2112.12116 272

* Assuming ionized electrons are always produced from the
lowest electron shell for which the mass of the DM particle
exceeds the binding energy of that specific shell.

 unknown differential ionization rate of the various electron
shells In xenon.

the uncertainty between the two assumptions is covered as
a blue shaded region



BG in Neutrinoless Double Beta Decay

» Science data blinded
between 2300 and 2600 keV.

e 90.3 % of hypothetical Ov3[3
signals recorded as single-
site events.

* Events with a single S1 + S2
pair in a 741 kg fiducial
volume with optimal signal to

background ratio.

» Sensitivity at 90 % CL:

24
1/2, expected > 1.7 x 10 yr

Rate [keV 1t~ lyr1]

Residual

10°

10° P

-3

741 kg volume 6
-20 5
— Fit —— 214Bj, TPC ——- Qpg"® Shiasanae, "o
136y @ 136y excluded S e T s R e F;'
—_. Ov,BBe OvBp . from fit N 60 s e 2 S
T1/2 = 17 X 10 yr + Measured A _:_j___ ,_-n._.‘_;-"__ e die 8
spectrum ~80 ; el
LT R > : : 1
0 250 500 750 1000 1250 1500 1750
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De‘cay of 214Bi outside the active volume
leads to additional y-ray background.



XENONNT Experiment: Calibration
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Along the beta decay of 212Pb, gamma ray with energy of 238 keV are likely to be accompanied with
a branching ratio of 83%.



Unexpected Background? Tritium?
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- Production by cosmogenic activation of Xenon: not-likely
- Atmospheric abundance in Materials: cannot exclude because no direct constraint on H2 outgassing

- half-life = 12.3 y, ~constant in our dataset

-from fit: less than 3 tritium atoms per kg of Xe (3H: Xe concentration = [ 6.2 4 2.0 x 10~?° mol/mol J)

we can neither confirm nor exclude the Tritium hypothesis at this point: need XENONNT!



Testing Iritium Hypothesis
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Tritium favored over

background-only at 3.2¢0

°H half-life 12.3 years (too long to observe in SR1)

fewer than 3 tritium atoms per
kg of xenon!




1. Cosmic Activation of Xenon

Cosmogenic activation
of xenon: ~32 tritium
atoms/kg/day (Zhang,
2016)

1 ppm water in bottles
Implies tritium forms
predominately HTO.

Efficient removal (99.99%)
In purification system (SAES
getter with hydrogen
removal unit)

Expected concentration more than 1

smaller than measured

Time [days]
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(note:

tritium from activation
While underground is negligible.)

From purification and handling, this
component seems unlikely.




2. Atmospheric Abundance in Materials 28

What about T emanating from materials in equilibrium with removal?

*Hydrology measurements from IAEA nuclear database

HTO:H>O concentration® 5—10 x 10~** mol/mol

HT:H, concentration * Assuming same concentration as for H20

Required (H2O + Hy):Xe 60-120 ppb
concentration to explain

Tritiated molecules can emanate into LXe target from water and hydrogen in
detector materials in the form of HTO and tritiated hydrogen (HT).
emanation in equilibrium with removal.

But... 190

02 in XENONTT: <1ppb, otherwise
can not drift electrons

H20 in XENONTT: O(1) ppb,

otherwise can not detect light

HZ2 ~100 ppb? -> ~100x higher than
OZ2 possible?




summary of Tritium Hypothesis 25

~

Cosmogenic activaise
of xenon

J ebundance in materialy

Many unknowns about tritium in a cryogenic LXe environment

. Radiochemistry, particularly isotopic exchange (formation of other molecules?)
. Diffusion properties of tritiated molecules

. Desorption and emanation
. For HT, no direct measure of either abundance or H2 concentration.

We can neither confirm nor exclude the presence of tritium.

5 g We consider it a hypothesis, but don't include 1t in the backgrounad A

model.

g Report additional results (but not constraints on signal parameters) with
tritium Included as a background component.
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