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Xenon detectors for dark matter searches

« Large nucleus

o Significant coherent nuclear scaling (6 ~ A2)

« Significant self shielding due to high liquid density (3 g/cm?)

+ Noble gasses are easy to purify

o Dedicated processes for Rn and Kr removal

4.0+

3.5

3.0

2.5

Rate [1/tonne/year]
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100 GeV WIMP
Xe
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Two-phase Time Projection Chambers (TPCs)

Liquid target with thin vapour layer

Time resolved scintillation and ionisation

signals

Extraction

o Light = prompt scintillation (SI1)

Region
o Charge = delayed electroluminescence
. o
of ionisation electrons (52) N
Drift time
o 3D vertex reconstruction: [ps]
o (X, Y) from S2 hit pattern Drift

Region

o Z from the time electrons take to drift to
145.6 cm

Cathode
18 kV

surface

Reverse
Field
Region

Discriminate electron (ER) and nuclear
(NR) recoils using S2/S1
o 1 part in 10,000 in ZEPLIN-III [1,2]

Bottom Grid
-1.5kV

PMT Array

[11 V.N. Lebedenko et al. Phys. Rev. D 80, 052010
[2] H. Aradjo arXiv:2007.01683
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https://doi.org/10.1103/PhysRevD.80.052010
https://arxiv.org/abs/2007.01683

Pulses
Hl S B MPE e SPE | s I SE B Other
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le6
T PC P M TS ---- Mean = 1.98e+06 +/- 1e+03

- Intended Operational Gain: 2.0e+06 +/- 10%

e 494 Hammamatsu R11410-22 PMTs goor;tgga/{::’lyﬁpms
o Based on the commercial R11410-20 model

= Designed for low temp. dark matter experiments

= High QE, 32%

N
I

N
N

p[mVns] - 1 x 10712
Regt [§) - g [C] Preliminary
0 253 300 541
PMT Channel ID
« Operated at 2x10° gain

4% single photoelectron detection efficiency

=
0

PMT Gain across 25 Q
N)
(@]

o
£
5
3.‘._:
S
R AR
X
.3
i—
B

o Ultra-low background (I/IOOOfh of base model) [1]

o 477 (96.6%) operational after “4 years of operations G —

DOOGOOQ‘

=
o

o Dual amplification output

» High gain: single photon sensitivity
= Low gain: improves MeV-scale sensitivity (Ov2[3)

o PMT's are regularly calibrated using dedicated LED system

ING’S [
00/l€g€ [11 Mount et. al. arXiv:1703.09144

LONDON Albert Baker (PD24) Pg. 4/ 25



https://arxiv.org/abs/1703.09144

TPC PMTs (DPE) —

Sensitive to VUV light (174.8 nm for S1 [1])
o Double photoelectron emission (DPE) [2]

°
Ampltliude [mV]

Single
» Occurs in “22.6% of VUV photon detections [3]
photocathode
o Twice the average response with same time profile | —
o Dedicated measurement from subset of PMTs at Imperial
o Observed linear relationship with QE LZ - Preliminary
Kr Data Channel 334
o Evidence for triple photoelectron emission (TPE) @ 0.6% [3] - [:;t;uded
83 —— Selected
e In-situ calibration performed in LZ using °°™Kr 20004
o
e Quote signals in "photons detected" [phd] é Compoments
o Accounts for mean effect at high energies 15004 % — Fiti30(pe=152%)
/ — Single photoelectron
1 % — Double photoelectron
= == 2 Two coinciden
o 1[phd] 1+pDPE >< [phe] § / photoelectronst
“ 1000+ /
% Ppre = 20.7%
ING'S Eg] f :i I:II.rﬂﬁs?l'gfo(?gcl)?;fcg);_gglow o= . : ~ (222224
Co[lege [3] B. Lépez Paredes et. al. Astroparticle Physics 102 (2018) 56-66 0 200 400 600 800 1000

LONDON Albert Baker (PD24) Channel Area [mVns] Pg, 5/ 925


https://doi.org/10.1016/j.nima.2015.05.065
https://iopscience.iop.org/article/10.1088/1748-0221/10/09/P09010
https://doi.org/10.1016/j.astropartphys.2018.04.006

Veto detectors

e Outer detector (OD):
o 120 8" Hamamatsu R5912 PMTs

= 99% operational

o Gd-loaded liquid scintillator

o Detects neutrons via y-rays from neutron capture

e Skin xenon veto:

o Instrumented xenon outside the TPC

o Detects primary y-rays from components/target

 Vital to measure and constrain neutron backgrounds

o 92 * 4 % neutron veto efficiency from simulations

o 89 £ 3 % neutron veto efficiency derived from AmLi

calibrations

ING'S
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TPC Underground 2019
Installation complete 2020
Science data from 2021

World leading WIMP limits 2022




TPC Underground 2019
Installation complete 2020

Science data from 2021
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2024 Science Run

e Acquired data for ~370 days e Performed intermittent calibrations
o 95.2% detector up-time

o High target purity throughout

o 220 live-day exposure o Minimal suppression of charge (52) signals

Calibrations Detector tuning and monitoring WIMP Search

WS2024 acquisition period [d]

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360
300_ T T T | T T T | T T T | T T T | T T Igl T 7T T T T | T T T | T T T | T T T | T T T | T T T T T | T T T | T T T | T T T T T T | T T T | T
—  [LZ Prelimina S
- 25 . o N B : tetenltt e 0% -
g 200 O ' '°.o.o°o 1 * e . #”* : oo’ ¢ ¢’+ + ...0“0.“.’~ oo
5 = 0 '
g 1505_ o+ °®® o ® .O..QQO“O M 0% °0%¢ . - _ _:
< 100 g2 = g§.8 |
ER: 55 EE= 1
E oL £l 5 5 :
@) - O E = O E Max. drift time 1
0 == | | |1 e e = ] S e o I || TR ) T
™ ™ ™

L . A . . Xor Q- . & £

120

15

Electron lifetime [ms]
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Calibrations

 Electronic recoils (background)

o Tritium radiolabelled methane & 4C

o Mono-energetic 8>™Kr

e Nuclear recoils (signal)
o DD neutron generator (245 MeV neutrons)

o An AmLi source [1], which emits low energy
(<1.5 MeV) neutrons, can be positioned at
nine different depths

e NEST model:
o Light gain (gy): 0.112 £ 0.002 phd/photon
o Charge gain (gg): 34.0 £ 0.9 phd/electron

o Single electron amplification: 44.5 phd

o 99.9% discrimination of 3 below 40 GeV
WIMP median

Calibrations paper: ). Aalbers et al 2024 JINST 19 PO8027
[1]: AB.M.R. Sazzad et al 2023 JINST 18 PO5006
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https://iopscience.iop.org/article/10.1088/1748-0221/19/08/P08027
https://doi.org/10.1088/1748-0221/18/05/P05006

Background Model

e Understand backgrounds from in-situ measurement of
sidebands and assays >1Pb Gs

o Expect 1207 ER background events in WS2024:
o 24P B-decay is dominant at 60%

LZ Preliminary

o Double electron capture

Electron Recoil
Backgrounds
WS2024 All

o Solar neutrinos

o Expect 018 NR CEVNS events
o Excluded by region of interest for dedicated search

127Xe +125 Xe EC
+124Xe DEC

. 136X e 20303

e Neutrons from spontaneous fission in detector

components and (a,n) reactions
Other 3s + material s

o Accidental backgrounds from isolated S1 and S2 pulses

ING'S
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Radon tagging to remove dominant ?'Pb background

QQQRn

Circulation/cooling systems control Xe flow

High mixing state

o Uniform injected calibration sources 18P FI
ow

map . .. ..
« Low mixing state Tia High M}X‘H‘lg - Low Mixing ———
3.1 mins

_\ T T I T T T \__\ T T I T T
[ 100<z<130cm_g , T 100<z<130¢cm

o Confinement of central volume

o Rn backgrounds can't reach the centre

Map Xe flow with Rn and Po decays

Predict location of future 2#Pb decays

o Observe ?'%Po a-decay ;':;V=171MT/81 ——— ]
::20<Z<500m )

214Pb+

(~48%)

T
26.7 mins

Track for 81 minutes (~3 X 2"Pb 1y/9) ey

o Tag interactions around Xe streamlines

(o]

Y [cm]

o Tag incorporated into statistical analysis

(o]

~60% tagging efficiency

218 o
ING'S Observed “*°Po Activity [uBg/kg]
College
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Data — %K — 28U-carly ¥Kr — *Xe 136xe 0Co — 2327p.Jate — Solar v ER
- Fit —_ 232Th-early 238U-late 212Pb 131mX€ 129mXC 214Pb —_— 133Xe —_— 127Xe

LZ Preliminary Radon tagged Radon untagged

>
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> 10
=
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=
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o 0

— 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 .I .l 1 1 1 | ol (] 1
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« Tagging reduces 2¥Pb background by a factor 2.1 « N.B: plots are above the WIMP region-of-interest (ROI)

° 39+ 06 uBa/Kg (total) >18 * 0.3 yBa/Kg (untagged) « 133Xe restricted above 81 keV (and ROI) by y-ray emission

ICN”GS « 133Xe a short-lived activation product from preceding neutron calibration
ollege
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Electron Captures (EC)

° chkground in LZ (5.2 kev L-Shell): I T T T T | .I I. T T | T T T T T T T T T T T T T T T T T T T T T T T T ]
/ 42+ LZ Preliminary _
o Single EC: 125/127Xe - from NR activation i ]
. 10 keV B il
4.0 -
o Double EC: ?*Xe - T,/o ~ 1022 years! [1,2] - -. ]
i 5.98 keV LM = e ]
° EC increases recombinaﬁon [3] E 38__ ® 1 ................................ _'
- \“———-— ........ ]
o Looks more NR like than normal %* 16k T """""" 1 B
& L i
e Prelim. WS2024 measurement: QL/QB = 0.86:0.01 [4] 2 | i
%'_6 34+ Qrr/ Q/; 0.65 _
LU B e L B L L T B ]
'LZ Preliminary | — ] =0 i
L (97 V/em) E =52keV 1 32F Qrr /Qp=0.87 ]
0107 . ] i WS2024 LL (0.7)]
[ 'Xe L-shell ™ B simulations 3.0k ]
0.08_—‘:(:":,,1_'.“,e i ! pp=(317+08) ¢ /keV ] ’ - i
. [wsoooa= (27.1£0.7)e/keV | = -
LL1 r ! b 2'8 croo e e b o by e e by e e e by o e by
A 0.06 -
e ] 0 10 20 30 40 50 60 70 80
] Slc [phd]
0.04+ -
0.02 _
I XENONIT Nature 568,_532-535 (2019) 7777777777
I - i [2] LZ arXiv:2408.17391
oool | et iR RS U SRR BT T L i s | [3] Previously measured by XELDA (Temples et al, Phys. Rev. D 104, 112001 (2021))
10 15 20 25 30 35 40 45 50 [4] dedicated publication in progress

Q, [e~ /keV]
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https://doi.org/10.1038/s41586-019-1124-4
https://arxiv.org/abs/2408.17391
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.112001

Accidental background

Pile-up of unrelated Sl-like and S2-like pulses

o Looks like a single scatter and can mimic a WIMP

Fraction of these have an unphysical drift time

o Population to calculate rate with physical drift-time

Model as product of isolated Si-like and S2-like pulses

Distribution peaks at the low NR energy region

Analysis cuts specifically tested on and tuned for this
background

o 99.5% rejection efficiency

o Expect 2.8 * 0.6 events in WS52024
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Isolated SI **S1 scaled up
Isolated S2
y -
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Signal Acceptance

oRegiono'Fin‘I'eresf(ROI); LN L L B

o Sl = (3, 80) phd 1-0‘( ________________ ]

— 4.5 i

o S2_ = (645, 10*5) phd g ;

= Excludes B for dedicated analysis +SS & Data Analysis Cuts 1

= =+ S2 ROI i

o Multiple event and pulse level cuts —— +SIROI |

o FV, ROI, single scatter

>
=
q.) 1.00 I I I l I I [ ! [ | ! [ [ [ ! [ [ [
o Veto anti-coincidence S : =
= Delayed neutron capture E 0.75F —
= Prompt y-ray interacti = E
rompt y-ray interactions 0.50F 50% Efficiency: 1
o S1 & S2 based cuts targeting accidentals 025 >4 kev =
e Cuts developed using data outside ROI 0.00 £ » RN T RN B
0 2 4 6 8 10
e 50% efficiency at 54 keV
| | | | I | | | | I | | | | I | | | | I | | | | I | | | | I | | | | I | |
0 10 20 30 40 50 60 70

Nuclear Recoil Energy [keV]
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Bias Mitigation (Salting)

Inject fake events (salt) into the data stream

Generated by pairing S1 and S2 pulses from calibration -

o Embed measured waveforms back into the data stream |

Events sampled as follows:
o Unknown rate below LZ's WS2022 result

o Recoil spectra of a WIMP of unknown mass 4
10

o Additional contribution for high mass WIMP searches
with flat NR spectrum

S2c [phd]

Allows us to understand the ROl whilst minimising bias

|
>
<

Salt

A - e-E/E
/ 103 1 1 1
O 20 40 60 80
! Slc [phd]
ING'S T

O aege Energy [keV] Albert Baker (PD24) Pg.17 / 25
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Event positions, fiducial volume (FV), and vetos

« Majority of backgrounds are peripheral

X Prompt ta O Delayed ta
o Self-shielding prevents infiltration pttas y 5
AN RS AR AN KRR RAA A A RN R SRR RSN KA P
e Reject the majority of backgrounds with a fiducial cut 140 oo vihio AN C 4
o Azimuthal dependence added for WS2024 TR oL ‘@-: §
12007 5 5 NE S T {200
o Defined to admit <0.01 wall background events SRR SUDIRPATE L P I
100 cole, Sufo ool 3005778000 o, i)
. . * Fe, ,® . S, :. ‘ '. e 3 N ) 3e* N 1
e Fiducial mass of 5.5 £ 0.2 tonnes B I R I T LA S SR 400 =
’E‘ 80 :—;'.'.. .o. .30 s : .c *e : i &
B [ | | i U N i'f "-".".' 'o‘: o 7] _E
Z i — 7 -
60 F . ® 60 1600 =
B . ] T
o . 1 -
40
E E 40 800
_ - 20 :
E o 1 1000
;) E E 0 111 | L1111 I T O | ) Y I I I I T O l“l l 11 J_l
-20F . 02 20% 30> 40%  50? 602 70?
a0k E R? [cm?]
ol :
_0:1..1...|...|...|...|...|...|...:

ING'S -80 -60 —-40 -20 0 20 40 60
College
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Expected result 2024

o S‘I'C]‘I'isﬁcql qnq'ysis in Log]O(SQC)-S]C quce [ LS N Y s A N Y N L Y L Y L L L ]
L ]31 ) 4
o S]C = (3, 80) phd 4.25 — Q'Skev 60](01(;‘/00 -
N 45/%‘/ ce nr i
o S2. = (645, 10*) phd [ ]
<= 'p 4.00F ER Background -
» Excludes 8B for dedicated analysis B - 1
o Generate templates of each fit component E 3.75:— ® Q _)—:
using simulations = i —
o In-situ measurements & assays provide & 3500 124Xe ]
rate priors &5 B M ]
= I 1Te 1
o Find the best fit of each component for D325 . _ -
several WIMP masses — i Accidentals ]
e WIMP template (PDF) has a longer tail for 3.00F ]
larger masses - -
. - 08keV, 2.8 keV, 5.0 keVe, 7.2 keV e ]
o They all peak at low energies 2'75; 5keV,, |1skev, 25 kev, 135 eV 1

0 10 20 30 40 50 60 70 80

S1c [phd]
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Expected result 2024

o S‘I'C]‘I'isﬁcql qnq'ysis in Log]O(SQC)-S]C quce [ L Y L s e A A B L B B B |1 LA N N I N B B B L L ]
L 31 ) i
o Sl = (3, 80) phd 4.25F 9.5 ke, 6()kck‘fvCC B
N 45/%‘/ ce nr i
o S2. = (645, 10*) phd [ ]
<= 'p 4.00F ER Background -
» Excludes 8B for dedicated analysis B - 1
o Generate templates of each fit component E 3.75:— ® Q D—:
using simulations = i —
o In-situ measurements & assays provide Q 3.500 MP 124Xe ]
. N - ]
t N - =
rate priors = : &’(1) GeV) :
o Find the best fit of each component for D325 . _ -
several WIMP masses — i Accidentals ]
e WIMP template (PDF) has a longer tail for 3.00F ]
larger masses - -
. - 08keV. 2.8 keV, 5.0 keVe, 7.2 keV e ]
o They all peak at low energies 2'75; 5keV,, |1skev, |25 kev, 135 eV 1
0 10 20 30 40 50 60 70 80

S1c [phd]
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Result 2024

® S‘I'C]‘I'isﬁcql qnq'ysis in Log]O(SQC)-S]C quce [ 7T 1 [T rrr [ rr T T T T |1 LA N N I N B B B L L |
i 3.
© S]c = (3, 80) phd 425 S key 60](1013 ce
: 4 /(e‘/ < o i . .:' .o o.;
o S2. = (645, 10*%) phd 00k Tt ey g?:?g:%&
=« Excludes B for dedicated analysis ol ) o S T oy TR
e Exposure of 220 live-days X 5.5 tonnes: E 3,75:— [ .::::.'..: —:
o 3.3 tonne years = i .:..3;..',' ', 3
B ..°‘ ©%co o 124 ]
8 salt events injected C‘% 3.50 -’é‘:'?;" X o MP Xe B
o 1 was removed by cuts = CREN e 40 G_ev) ]
o This is consistent with the signal efficiency EDD 3'25:— iy . Accidentals E
3.00F I° All Data
7751 0.8 KeV o, 2.8 keVe, 5.0keVee 7.2 keVee il
i 5keV,, I 15 keVlm. I 25 keV I35 keV ]
0 10 20 30 40 50 60 70 30
S1e [phd]
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Result 2024

o S‘I'C]‘I'isﬁcql qnq'ysis in Log]O(SQC)-S]C quce L L L L e S L L L B |1 AN A Y N B L B L L B B
- 3.1 ke
o Sl. = (3, 80) phd 4.25F Skey o0 ]kv
4.5 : 4 ke‘/n;( ° I o ° . 0‘ e ...,‘: g .l“o
o SQC = (645, 10™ ) phd 4 OO- . .« M ..‘a'::)."?i::?’&; ‘x
. __ R ° cee ' ® ‘el o Ve S :.s.";,o ...oo~:.o
=« Excludes B for dedicated analysis I e p: s e
/N : . :0.:.
e Exposure of 220 live-days X 5.5 tonnes: E 3.75F | .:.:",. :
o 3.3 tonne years & i -:-.f;.:;. " i
o O - .é‘..‘ %f:f: 0 124X ]
8 salt events injected N 3.50 5 KR MP € ]
o 1 was removed by cuts \'é - R 40 G_ev) i
o This is consistent with the signal efficiency EDD 3'25:— e Accidentals E
« 1220 events remain after un-salting 3.003_ _f
« No changes to analysis post un-salting i . 1
2751 0.8 KeV o, 2.8 keVe, 5.0keVee 7.2keVee il
i 5keV,, I 15 keVlm. I 25 keV I35 keV ]
0 10 20 30 40 50 60 70 80

Slc [phd]
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Albert Baker (PD24)

. ® Data = QOther ER Accidentals
F | 'll resu I i'S m— Total Bkg =~ —— !2*Xe DEC B
e 214Ph g e 127X 4 125Xe EC == 40 GeV WIMP
e Best fit of zero WIMPs at all masses (9 GeV = 100 TeV) 0
E T T T | T T T | T T T | T T T | T T T | T T T | T T T | T T T | T T T E
o Good agreement with background in all studied spaces - LZ Preliminary ]
a __
Component Prior Best fit 0 S E
214ph B-decays 743 + 88 | 733 £ 34 i} j =
@ 1 B
85Ky & 3Ar & detector y-rays [ 162 £22 | 161 21 Z 10 F . .
Solar v ERs 102 + 6 102 £ 6 o C — I_ ]
+ L _I_ i
212pp, + 218pg B.decays 627 +75 | 637 74 & 10°E 3}
> I okl E
H + C B-decays 583 +33 |[597 %33 M b= -
i - i
136Xe 2vBB decays 556 t 83 | 55882 o — - - 1
3 == E
124 - =
Xe DEC 194 £ 39 214 £ 3.6 B I ]
127y, , 125, EC 30:t06 |[27+06 ) — I__l —
- 1 1 1 1 1 | 1 1 1 | 1 1 1 1 1 | 1 1 1 | 1 1 | 1 1 1 | 1
Atm. v CEVNS 0.12 £ 0.02 | 0.12 £ 0.02 10 0 2 4 6 8 10 12 14 16 18
88 + hep v CEVNS 0.06 £ 001 | 0.06 + 0T Reconstructed Energy [keV..]
Det. Neutrons 0.0+02
Accidentals 28 + 0.6 26 £ 06
Total 1210 £ 91 | 1203 * 42
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Combined 2024 & 2022 Spin-independant Result

o Total exposure of 4.2 £ 0.1 tonne-years

e Included the 2022 result at an additional
likelihood in the PLR

e No changes were performed to the 2022

analysis or dataset

« Peak sensitivity: 2.1 X 107#® cm? @ 36 GeV/c?

e Factor of 4 improvement in sensitivity into new

parameter space

o The 2022 background under fluctuation still

drives the unconstrained limit at low masses
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Combined 2024 & 2022 Spin-dependant Results
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Conclusions
World leading limit to WIMP dark matter

Radon tag reduces main ER background by 60%

First observation of charge suppression in DEC of 124Xe
LZ continuing onwards towards 1000 live-days (2028)
o Multiple other areas of interest (8B CEVNS, Ov2p, etc.)

Further information
WS2024: arXiv:2410.17036 [this work]

WS2022: Phys. Rev. Lett. 131, 041002
WS2022 backgrounds: Phys. Rev. D 108, 012010
ER searches in WS2022: Phys. Rev. D 108, 072006
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