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Xenon detectors for dark matter searches
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Two-phase Time Projection Chambers (TPCs)

 Liquid target with thin vapour layer

e Time resolved scintillation and ionisation
signals
o Light = prompt scintillation (S1)

o Charge = delayed electroluminescence of
ionisation electrons (52)

e 3D vertex reconstruction:

o (X, Y) from S2 hit pattern
o Z from the electrons drift time

o Discriminate electron (ER) and nuclear (NR)
recoils using S2/S1
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Pulses
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Veto detectors

e Outer detector (OD):
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 Achieved high neutron veto efficiency in WS52024
= 89 £ 3 % derived from AmLi calibrations

= 92 * 4 % from background neutron simulations
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2024 Science Run (WS2024)
o Performed intermittent calibrations

e Acquired data for ~370 days with 95.2% detector up-time « High target purity throughout
o 220 day exposure after data quality cuts o Minimal suppression of charge (52) signals

Calibrations Detector tuning and monitoring WIMP Search
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https://arxiv.org/abs/2410.17036
https://arxiv.org/abs/2410.17036

Calibrations in WS2024

LZ calibration systems 2024 JINST 19 P08027 4.50r
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https://iopscience.iop.org/article/10.1088/1748-0221/19/08/P08027
https://iopscience.iop.org/article/10.1088/1748-0221/19/08/P08027

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

Salt

o Recoil spectra of a WIMP of unknown mass =
- -
o Additional contribution for high mass WIMP searches Q
with flat NR spectrum &)
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WS2024 Background Model

e Understand backgrounds from in-situ measurement of
sidebands and assays 214p}p Bs

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

LZ Preliminary

o Double electron capture (DEC)

Electron Recoil
Backgrounds
WS2024 All

o Solar neutrinos

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

. 136X e 2033

127X€ +125 Xe EC

+124Xe DEC
e Neutrons from spontaneous fission in detector

components and (a,n) reactions

o Accidental backgrounds from isolated S1 and S2 pulses
Other Bs + material ~vs

WS2022 background model Phys. Rev. D 108, 012010
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https://doi.org/10.1103/PhysRevD.108.012010
https://doi.org/10.1103/PhysRevD.108.012010

Electron Captures (EC)

e Background in LZ (5.2 keV L-shell):
o Single EC: 125/127% ¢ . from neutron activation
o Double EC: ?*Xe - T,/o ~ 1022 years! [1,2]

o EC suffers from charge suppression [3]

Radon tagging

o Predict future 2“Pb decays

o Observe ?'®Po g-decay

Tag interactions around Xe streamlines

Track for 81 minutes (~3 X 214pp 71/9)
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o Looks more NR like than normal
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Tag incorporated into statistical analysis
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[1] XENONNT measurement Nature 568, 532-535 (2019)
[2] LZ measurement J. Phys. G: Nucl. Part. Phys. 52 015103

Albert Baker (DMUK 2025) [3] XELDA measurement Phys. Rev. D 104, 112001 (2021)
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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 in the low energy NR 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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Signal Acceptance

e Region of interest (ROI):
o S1_ = (3, 80) phd

o S2. = (645, 10*°) phd
= Excludes B for dedicated analysis

o Multiple event and pulse level cuts
o FV, ROI, single scatter

o Veto anti-coincidence

= Delayed neutron capture
= Prompt y-ray interactions
o S1 & S2 based cuts targeting accidentals
e Cuts developed using data outside ROI
e 50% efficiency at 54 keV
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Event positions, fiducial volume (FV), and vetos

« Majority of backgrounds are peripheral

o Self-shielding prevents infiltration

e Reject the majority of backgrounds with a fiducial cut
o Azimuthal dependence added for WS2024

= Full range shown by two solid lines in z-R2 plane

o Defined to admit <0.01 wall background events

e Fiducial mass of 5.5 £ 0.2 tonnes
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Analysis of WS2024
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Analysis of WS2024
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Salted WS2024 result

o Statistical analysis in Log;g(52.)-S1. space
o Sl = (3, 80) phd
o 52, = (645, 10*°) phd
=« Excludes B for dedicated analysis

e Injected artificial events (salt) from

calibration for bias mitigation

o Exposure of 220 days X 5.5 tonnes:
o 3.3 tonne-years
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Unsalted WS2024 result

Statistical analysis in Logig(S2.)-S1. space
o Sl = (3, 80) phd
o 52, = (645, 10*°) phd
=« Excludes B for dedicated analysis

Injected artificial events (salt) from

calibration for bias mitigation

Exposure of 220 days X 5.5 tonnes:
o 3.3 tonne years

8 salt events injected

o 1 was removed by cuts

o This is consistent with the signal efficiency

ING’S
College

LONDON

4.25

4.00

W W
N ~
) N

log1o(S2¢ [phd])
¢

3.00

2.75

i I | I l I I I I l I I I I l I | I I l I I I I l I I I I l I I I I l I I I I ]
- 3.1 ke
B 'Ske 60 ](CV = . .
: 45 kt‘ ‘/IU ¢ np :.‘ ..’...;‘:. . :“.
o . RS T Rl ey o
5 ‘ v dir oh: 9’:‘.""'”’2 i PR
E '.:.0.:;‘.:’ ” .o'. 124 E
- St MP Xe ]
L s‘ S .. - -
1 40 GeV) ]
| Accidentals ' 1
[ |o All Data
. (Salted) 1
__ 0 8KkeV,. 2.8keVe, 5.0 keV. 7.2 keVe il
i 5keV,, I 15 keV,,; I 25 keV I35 keV ]
0 10 20 30 40 50 60 70 80
Slc [phd]
Albert Baker (DMUK 2025) Pg.15/18



Unsalted WS2024 result
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Fit results in WS2024

e Best fit of zero WIMPs at all masses (9 GeV = 100 TeV)

e Good agreement with background in all studied spaces

Component Prior Best fit
214pp p.decays 743+ 88 | 733 + 34
85Ky & °Ar & detector y-rays | 162 * 22 161 £ 2]
Solar v ERs 102 £ 6 102 + 6
212p}, , 218D, B.decays 62775 |637+74
3H + 4C p-decays 583 %33 |597%33
136Xe 2uBp decays 556 + 83 | 558 + 82
1245 o DEC 194 £ 39 214 + 3.6
127% e + 125X EC 32+ 06 27 £0.6
Atm. v CEVNS 012 £+ 002 | 012 £ 0.02
B + hep v CEVNS 0.06 £ 0.01 | 0.06 = 0.01
Det. Neutrons 0.0+02
Accidentals 28 + 0.6 26 £ 06
Total 1210 £ 9] 1203 & 42
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Combined 2024 & 2022 Spin-independant Result

« Apply a profile likelihood ratio (PLR) analysis to 1074 I S -
search for WIMPs g 2
o Analysis power constrained at the -10 level I i
—10 AN e
e Included the WS2022 likelihood in the PLR NE """""
o No changes to the WS2022 analysis or dataset % """"""""""""
oA\ S~ ST g P
 Total exposure of 4.2 + 0.1 tonne-years g DN R\t -
2 F AN T A e ]
o Peak sensitivity: 2.1 X 10-48 ¢m? @ 36 GeV/c2 S LN, == e |
T 47 NN Neen,, et T _|
o Factor of 4 improvement in sensitivity into new E 105 N\~ -
parameter space E -
48 I N —_— /'/‘ = Median 30 discovery potential )
10 - ---- Median expected upper limit 3
= = Power constrained upper limit J
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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 %#Xe

LZ continuing onwards towards 1000 days of exposure

o Multiple other areas of interest (8B CEVNS, Ov2B, etc.)

More from LZ

WIMP search 2024 arXiv:2410.17036
WIMP search 2022 Phys. Rev. Lett. 131, 041002

WS2022 backgrounds Phys. Rev. D 108, 012010

Low energy ER searches in WS2022 Phys. Rev. D 108, 072006
MIMP dark matter search in WS2022 Phys. Rev. D 109, 112010
WIMP-nucleon EFT search in WS2022 Phys. Rev. D 109, 092003

2v DEC in Xe-124 |. Phys. G: Nucl. Part. Phys. 52 015103
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https://arxiv.org/abs/2410.17036
https://doi.org/10.1103/PhysRevLett.131.041002
https://doi.org/10.1103/PhysRevLett.131.041002
https://doi.org/10.1103/PhysRevD.108.012010
https://doi.org/10.1103/PhysRevD.108.012010
https://doi.org/10.1103/PhysRevD.108.072006
https://doi.org/10.1103/PhysRevD.108.072006
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.112010
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.112010
https://doi.org/10.1103/PhysRevD.109.092003
https://doi.org/10.1103/PhysRevD.109.092003
https://iopscience.iop.org/article/10.1088/1361-6471/ad9039
https://iopscience.iop.org/article/10.1088/1361-6471/ad9039
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Combined 2024 & 2022 Spin-dependant Results
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