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Megan Carter’s Viva - September 1st 2026

2022 High Energy Nuclear Recoil Search Now @ Penn State - LZ+ Postdoc
Lead Author - Billy Boxer PhD (2016-2020
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LZ at SURF

A LUX-ZEPLIN is a Dark Matter direct detection experiment
A  Rare event search - radiopure - WIMPs
@ Natural abundance of *%Xe - 0vBB search
A Running until 2028 - collecting 1000 livedays of data

A Located at Sanford Underground Research Facility
1 SURF - Homestake Mine, Lead, South Dakota

d  ~1 mile underground, Davis Cavern
@  Rock overburden reduces cosmic ray muon flux by O(10°)

Ewan Fraser - LZ - Liverpool HEP Seminars 2026



LZ - Experiment for Direct Detection of WIMP Dark

Calibration Source Deployment Tubes (3 Total)

60,000 gallons of

17T Gd-loaded ultrapure water

liquid scintillator

120 Outer

Detector PMTs 494 LXe PMTs

7T Active
LXe Target

AR (-
Skin Veto

’ Neutron Calibration
Conduit (2 total)

i
131 Skin ~/

PMTs
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Xenon Dual Phase Time Projection Chamber

Single Scatter interaction in TPC

Xenon Dual Phase Time Projection Chamber (TPC):
LXe target, GXe extraction region

S2 hit pattern, Drift Time - (X, y, z)

Energy deposited reconstructed from - S1, S2
Particle discrimination - S1:S2 ratio

Background rate

Why xenon?:

A Highest charge & light yields of stable noble elements
[ Commercially available & easily purified

d Dense — short attenuation lengths - self-shielding
A Scalable — potential for large target mass

0ooo
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Xenon Time Projection Chamber Principles

450 e .
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log19(S2c [phd])
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| 2.50_'\"t‘u|||||||"|\||||\1\‘H|||\|\\|ll|||||\|\||l'|_
Drift time 0 10 20 30 40 50 60 70 80
indicates depth Sle [phd]
1 2024 Electronic Recoil (ER) and Nuclear Recoil (NR)
discrimination in calibration

Gammas, betas

‘;

WIMPs, neutrons

Single Scatter interaction in TPC

Ewan Fraser - LZ - Liverpool HEP Seminars 2026



LXe Skin

4'50 L 1 1 T
L LZ Preliminary _—
MBS i G et
a0 -
',_3‘ L
= L
& 375
S Xe127 L-shell
n-capture on Gd = ~8MeV = 350 g
n-capture on H = 2.2MeV o e electron-captures
o r i
— 325 Xe127 M-shell « skin-tagged, expanded FV .
r electron-captures ]
3.00 «skin-tagged, FV -
r 1.1keV,, 5.2keV, ]
2'750 110 210 3Io 4'0 sb 610 710 80
d 2 tonne of LXe surrounding the TPC Sl [phd]

cascade X-ray
/ Auger electron

a 13117 or 2" PMTs

A Anti-coincidence veto for y-rays with ~90% efficiency
@ Prompt Veto: within ~250ns

A Reduction of important ER background rates
O E.g. '¥"Xe decay via electron capture Courtesy of Jack Bargemann APS April 2023 7
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Outer Detector

Ny Waveform example of a tagged neutron
:ﬁ. multiple scatter:
£ a —
’: : % B l l
, B e 2oy ¥ Ll ow. .
» I } i y y Skin —— 2
i “" y,—'” g o Capture
3 2 Gammas
g 1.5
d 17 tonne of Gd-loaded liquid scintillator (120 8" PMTs)| - ) {
[ LZ has ~90% Single Scatter neutron veto efficiency p— "em
O Delayed Veto: > 250ns and < 600us g o]
-y
A ~50Hz of background above 100-200 keV threshold : ::Z::iim...muln st i
@ Gd alphas, C betas i

A ~3% false veto rate (deadtime)
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Rare Event Search Techniques - Radioassays

A Materials for LUX-ZEPLIN underwent an
extensive radio-cleanliness campaign
[Eur. Phys. J. C 80, 1044]

1 Fixed contamination, e.g:
O Decay Chains 238U, 2%°U, 2%2Th
A  Gamma emitting isotopes
a (*K, ®°Co, ¥"Cs etc.)
@ Radon emanation
A Rn, resulting from Th and U
decay chain dissolves in LXe
1 Surface contamination (e.g. dust)

A Measure specific activity (Bg/kg) of
decay chains and radioisotopes

Ewan Fraser - LZ -

Figure 3: (I-r) Lumpsey, Chaloner, and Lunehead, the three detectors
of BUGS. The small pre-screening detector (Wilton) can be seen to

A Potential components undergo Radioassay the right of Lunehead in a taller, cylindrical shield.

HPGe detectors at Boulby Underground Laboratory
Astro. Phys. V. 97 2018 P. 160-173

Liverpool HEP Seminars 2026


https://arxiv.org/pdf/2006.02506
https://arxiv.org/abs/1708.06086

Rare Event Search Techniques - Radioassays

A Materials for LUX-ZEPLIN underwent an
extensive radio-cleanliness campaign
[Eur._Phys. J. C 80, 1044]

1 Fixed contamination, e.g:
O Decay Chains 238U, 23°U, 232Th
A Gamma emitting isotopes
a (*K, ®°Co, ¥"Cs etc.)
@ Radon emanation
d  Rn, resulting from Th and U decay
chain dissolves in LXe
d Surface contamination (e.g. dust)

A Potential components undergo Radioassay
A Measure specific activity (Bg/kg) of
decay chains and radioisotopes

More Samples

-

More Decay Chains

>

Sample Supplier Detector Mass [kg]  Units zy, zy,
PTFE Screws Product Components Corporation MERLIN 0.08 mBq/kg <145 <44
Bellows Palatine Precision Ltd Roscharry 054  mBq/kg 14(7) 80(20)
Viton O-Rings Dichtomatik Lunchead 037  mBq/kg  171(26) 62(8)
Elastomer Card Dichtomatik Chaloner 035  mBa/kg <19 572(20)
PEEK Monofilament Accu-Glass Products Inc MERLIN gy mBa/kg <1060 <320
Chaloner mBa/kg  1500(500)  1200(500)
Krytox Chemonrs Roscherry 007  mBq/kg <3 16(12)
Aluminium Sheet Hydro Aluminium Rolled Products ~ Chaloner 037 mBa/kg  203(100) 64(16)
PTFE Scrows Product Components Corparation MerLy 007 mBa/kg <151 <1
Styrodur Foam cFoam UK Chaloner 022 mBa/kg <33 15(20)
Polyisocyamirate Foam oFoam UK Lunchead 020  mBa/kg <150 <8
20mm Stainless Steol Sheet  Nironit SOLO 99  mBq/kg <74 0.87(43)
Multi-Layer Insulation RUAG Roscharry 066 mBq/kg 18(8) 10(3)
Titanium Lathe Swarf Laterios Lunchead  0.16  mBa/kg <109 <19
Titanium Drill Swarf Loterios Chaloner 046  mBa/kg  7.0(40) 8.0(50)
Sodium Bicarbonate Genesis Alkali Meruy 039 mBa/kg <7 123(25)
Stainloss Steel Plates Nironit Meruy 97 mBa/kg <25 <0.70
AcroGel Thermal Wrap 8 mn BuyAcrogel MoRGAN 010  mBa/kg <181 <25
Cream 3D Printed Material ~ GoPrint3D Lunchead 003  mBa/kg <1000 100(42)
Stainless Steol Fastenors ~ Oxford Bearings Ltd Lunchead 15  mBa/kg <75 <40
Aluminium Tape RUAG Merrybent 029 mBa/kg <70 10(6)
Titanium Coupons Timet MorcAN 20  mBa/kg <07 <11
HDPE Platcs Dircct Plastics Chaloner 055  mBa/kg 14(5) <69
Bluc 3D Printed Material  GoPrint3D Chaloner 004  mBa/kg <25 <23
Yellow 3D Printed Material  GoPrint3D Merrybent 003 mBa/kg <12 150(25)
PTFE Scrows & Washers  McMaster Carr Meruy 005 mBa/kg <142 <80
Welding Wirc Lotcrios Belmont 003  mBa/kg <a1 <37
Cable Ties Mouser Electronics SOLO 006  mBa/kg <182 <13
Kapton Tiles Fralock (McMaster Carr) MorcAN 018 mBa/kg <25 <46

Subset of the LZ radioassay results

10

Ewan Fraser - LZ - Liverpool HEP Seminars 2026


https://arxiv.org/pdf/2006.02506

Rare Event Search Techniques - Sidebands

Sideband:
A Data other than your “science sample”

A Useful for constraining background
d In-situ

Typical LXe TPC examples
A Fits at higher energies
A Gammas & Betas
A Alphas inform the activity of dissolved Rn

A Veto-tagged samples
A Prompt Gammas, Delayed Neutrons

214pp:
A B-decay up to ~1 MeV
A Decays to the ground state br 11%

ol ’ -1
Rate [tonne™ - year! - keV_ ]

Data

Model-Data

Electron Recoil

Backgrounds . .
Xe 2063
WS2024 All NG 7Xe 7 X
7Xe +1%5 Xe EC
+124Xe DEC

10* —+ Data é

- _— — Model E
) + ",.-‘-,‘-n,m

a2 I Xe -T‘-l’b‘i
o o i 0

i %rﬂ**H#H*rf#r*eﬁﬁﬂ{ﬁﬁéfWw‘%ﬁiﬁ%%ﬁ*%"i%#

Reconstructed Energy [keVee]

https://arxiv.org/pdf/2211.17120
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Direct Detection of Dark Matter
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LZ Timeline

Calibrations Detector operations Science data

Calendar time [days]

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750
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gsoof— Preliminary | <
S, L . §20.5
400 - . oo, PR doen '™ 5 £
E I Qb 020%000°%,%,% %" -.. \{" v ;}7\5"‘@’:‘ 5 AL & :}; T ":o.'."': ...*\"‘ﬂ?'@ * .E 15 g
© 300 of fo ! BIE ° v*"-""" s s e | =
E B Y 1 : ; J10=
é 200:_‘...... % %% : & :1()§
E I i, 8
5 100 - " 1°
B Maximum drift time 2 J
0 - T“‘['"'!""l'"'l'"T"'T"'l"'T"'r'"T"'T"'l"‘T""F"W"_T"'F"'!"‘T"'I“'T"0
Yl fe fe fe %e) Vel %) Yol g2 b b X X X I3 b ™ ] X I X e} e “ o
; f\’@a .Q’QW ‘%@» \T"@, ‘,»@» ﬁ,@z \{»@' ¢ .,»@z '}Q’b f\'& f»@z . T»@» . j»@' .Q@, .%@z . .%Q’» T»@, 'q’@z : ﬁ'@’ . r»@/ ﬁ’@, .q/@» W@' . ﬁ’& . (»@1
?&I K\ & ?9% R <8 Q@o & P KR I &S Yy"o X < qu & & IR |
I : I
| 1
! — WS2024 & HENR2024 — ! !
I 220 live-days I
| : |
| after exclusions :
. x @ 136 :
. WS2025* & 136Xe 0vBR Update S
: 417 and 510 live-days respectively '
*Light Dark Matter Search 2025 13
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WS2024 - Result

214p}, g ‘ - 733.0 £ 34.0 25 E_
212p}h 4 218po 163.7 £ 7.4 Rn [
85Kr + 39Ar + Det y-| 1610210 4.00F fo
Tritium- 59.7 3.3 = L |§
= 375F 7
Solar v ERH  102.0 = 6.0 = 2
U CEVNS- 0.18 + 0.02 S 3.50F g
2 S
=1 =
136Xei 55.9 + 8.2 ?;6 3.25 F ‘;' g ;'_:j
124Xe—|2°~4=2~4 - F i ] E
7Xe + 12°Xe-27 206 Internal 3'00:_ } _: B
Accidentals— 26 + 0.6 275 . eV 38 keV., 5.0V T2 RV, 1
Neutrons- 0.0:33 :"..‘MV"‘,l‘]‘S.kf\vl”,‘..|7-,1.V.|....|.-lf[.\v.|....A — : . - e
0 2(|)0 4(|)0 6(I)O 8(|JON;;|:(;HF:200 0 10 20 30 0 >0 60 70 80 101 102 103 104.
2
WS2024 Counts (Fitted) Ste [phd) WIMP Mass [GeV/e”]
Accidental — ?*Xe 2vECEC — 40 GeV/c? WIMP
3 Region of interest ~5-55 keV
O Best fit no. of WIMPs is 0 at all tested masses (9 GeV/c? - 10 TeV/c?)
A World leading sensitivity to WIMP nucleon cross-section
A Elastic spin independent & dependent interactions considered
14
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WS2024 - Result

214ph B . 733.0:34.0

212pp 4 218po <63.7 £7.4 m
n

85Ky + 39Ar + Det v 161.0 = 21.0

Tritium-{ 59.7 + 3.3

Solar v ER 102.0 = 6.0

v CEVNS-{0.18 = 0.02

136Xei 55.9 + 8.2

124Xe—| 20.4 % 2.4

127Xe + 1°Xe~27 £ 0.6 Internal

Accidentals— 2.6 0.6

—0.0%83
Neutrons 00 Neutrons

WS2024 Counts (Fitted)

d  WS2025 - Light Dark Matter Search

a ~1-6keV

3  WIMP masses tested 3-9 GeV/c?

A HENRZ2024 - High Energy Nuclear Recoils
a  ~5-270 keV

Ewan Fraser - LZ - Liverpool HEP Seminars 2026
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High Energy Nuclear Recoil Search - Motivation

109 T LA LA B ————
: , : : = 0;
Extension of WIMP search to higher recoil energies E 7 ook —— femokey  —— ;N
O Interactions that have momentum transfer g 0 Energy Level Differences i
dependence B
P £ 1050 ]
Operators & Lagrangians S
O Non-relativistic effective field theory o 10°f P
. . < N
A Fifteen independent operators O, g | \ |
O Setof 20 Lagrangians £; A /——
) |
Inelastic Dark Matter 107! :l —————— :Els: A —
. r 10 1
0  Models of Dark Matter with mass states that G —— G —— 100
are nearly degenerate 10'H WIMP Mass

Specific example models shown
[ Two illustrative examples for this result
[  Inelastic spin independent scatter Of
[ Magnetic moment interaction 3

._.
o
b

Differential Rate [/tonne/year/keV]

Fitzpatrick et al. J. Cosmol. Astropart. Phys. 02, 004 (2013) ol

| oo ey ey O | O O
Smith et al. Phys. Rev. D 64, 043502 (2001) 0 50 100 150 200 250 300 350
Bramante et al. Phys. Rev. D 94. 115026 (2016) True Recoil Energy [keV]
Signal Nuclear Recoil Spectra 16
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https://iopscience.iop.org/article/10.1088/1475-7516/2013/02/004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.64.043502
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.115026

Brief Introduction to Inelastic Dark

Inelastic Dark Matter:

A Two mass states that are nearly degenerate
[ Assumption: Elastic scattering is suppressed
A Only Inelastic interactions occur

[ WIMP kinetic energy is transferred to excited state
a  WIMP loses more momentum to the Xe nucleus
@ As momentum is conserved
2 Minimum WIMP velocity (v_._is higher)

1

Matter

10°
107
10°

10°

10"

Differential Rate [/tonne/year/keV]

—T T T

s
01
0 =200 keV

—— 0=0keV — §=2300keV

T IR |

Umin =

\/QERmN

4 Linesofv . (EQ)

-1 L PR SIS N NN S RO SR S NN RO SR WS N n [
i 0 50 100 150 200 250 300
True Recoil Energy [keV]
ER my (5 1000} |132Xe target —c "_—:
+ 500} mx=1TeV| = ——mae="lie" —
p -:
\ . ( e,
<100 . Mol gy
2 50t N e e
=~ | ~..”_~, ____________________________ _.:'_Ta'.':_‘:.go.o,kev_ ]
o« Xenon Experiments *~~~. St
iop  TTeseall §$EJQO_keV

s U=

5 =0keV

AOO 300 400 500 600 700 800

Vv (km/s)

Inelastic Dark Matter - Phys. Rev. D 64, 043502

350

Inelastic Frontier - Phys. Rev. D 94, 115026

900
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Brief Introduction to Inelastic Dark Matt

4 — 0.3
@ - —— Nominal distribution
— Earth §0'25 - Annual variations
X [ N P
= =} = Vesc Variations
WIMP E 0.2 ; — V, variations
— / 2 - —— V,, Variations
wind December = =
=y 80.15—
[e) L
o o
0.1—
C - Downward variation
Annual modulation cartoon - +15 km/s 0.051— — — Upward variation
0.01 T T : . ol -
132Xe target = 1.5
200 kgs, 30 days = s
me=1TeV s /
0.001 on=104cm2 |4 = 0.5/
& 2 =800 keV = | | | | | | Lo
% 00 100 200 300 400 500 600 700 800
= o4l fd 0 WIMP speed (lab frame) [km/s]
hij
B
S o
19 \ Direct Detection Conventions - Eur. Phys. J. C 81, 907
March sssssus e 5
December = = = = % K
10°° : - s
0 300 400 500

Er (keV)
Inelastic Differential recoil rate depend on annual modulation
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High Energy Nuclear Recoil Search - Calibration

Calibrations for HENR2024

50—

b
W

logi0(S2¢ [phd])
N
o

(98]
W

AN ST
A0S - .,
0 E X YA
AR 0°00.1
PN 00F
TTASK 07081
PN IOL,

——

......
o 2 e

o ——————— -

TARY Q08T

600

»ASISOR e

B

A Injected ER calibration:

Q Tritiated methane
Q 3H(18.6 keV B)
a  '“C (156 kev B))

O  22°Rn Injection
a  2"?Pp (569 kev B)

Q 83mKr, 131mxe
A Spatial & temporal corrections
[  (xy, z) resolution at 10 (<1cm, <1cm)

A External NR calibration:
A Collimated DD (2.45 MeV)
[ Deployed source AmBe (Up to ~11 MeV)

800 3  99.8% discrimination of B~ under flat NR band median

(A Measured between ~5-55 keVnr

d  Electron lifetime >8ms (depends strongly on LXe purity)
A max e drift time ~1ms. 19
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High Energy Nuclear Recoil Search - Signal Efficiency

, . Single scatter - one interaction site
Signal Efficiency for HENR2024

T O Region of interest (ROI)

1.0

A 3 <S1c <600 photons detected (phd)
0.8 [v Trigger d  S2>14.5 electrons (645 phd)
+ S1 Threshold
—— +SS & Data Analysis Cuts [ IOg,IO(SZC) < 104'15
%06 - + ROI
§ ' 1,00 EEmme S ~5 keV < Nuclear Recoil Energy < ~270 keV
“@2 0.75 d : ;2?9Elf§\c/iency: —
M 04 : ! ' ] Exclusions
0.50 — —
sk : i A High Rate Periods
02 ook LN ' O Detector Instability
7250 260 270 280 290 300
0.0 N O A A SR A Cuts on S1 & S2 parameters to remove accidentals

0 50 100 150 200 250 300 ; ;
Nuclear Recoil Energy [keV] A4 Acceptance evaluated on calibration data
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High Energy Nuclear Recoil Search - Fiducial Volume

Fiducial Volume for HENR2024

Fiducial Volume Definition:

140

120

100

:‘. e e ..'-' *, -". ;"”.xu.
W, s TR R e

O"?’. o o le' .. ") o . o
oo :bs :A * %" ‘.'g‘..t-o..,

L[] Q”’o
2015 S AU " P
:..‘.'::.'. f:":'.'-."w 2o

IWRRARAARALARARANRAARASARLRARARRARARLLISARASARARARL AL 0 d  Fiducial volume: azimuthally & drift time-dependent

O <10 charge loss (“wall”) events

1200 d ~10cm of LXe away from charge insensitive regions
3 1  Reverse Field Region (RFR) below the cathode
P d  LXe adjacent to the TPC wall
(400 Q 4 mean free paths for 2'*Pb 352 keV y-ray
Anti-coincidence Vetoes:

d  Skin & Outer Detector
: d  Prompt Veto: ~90% veto efficiency of y-ray

] 800 [  Validated against Xe127 decays
| d Delayed Veto:~90% veto efficiency of neutrons
1 [  Neutron capture up to 600us after S1
. 1000 a  ~3% false veto rate (deadtime)

=600

Drift Time [us]

20% 30% 407 50? 602
Reconstructed r? [cm?]

| Delayed Veto X Prompt Veto
® Inside FV Outside FV
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70° Analysis Volume:
d Mass: 4.7 + 0.2 tonnes
O Exposure: 2.8 * 0.1 tonne-years

Y LZ7230616
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High Energy Nuclear Recoil Search - Event Selection

Data Selection for HENR2024

50—

4.5

b
=

— ————

[ RN

logi10(S2¢ [phd])

N

3.5 L
sclence

P A9 §°G¢
WA (001

AN 0'0ST

0 200 400 600 800
Sle [phd]

— 1000 GeV/c? L3oWIMP
Accidental — MSSI

Electronic Recoil

J

-

J

J

Dissolved B emitters:
4 214Pb (222Rn), 212Pb (220Rn), 85Kr, 136)(e (BB)

Dissolved EC decays (x-rays/Auger electrons)
a  '27Xe, '?°Xe, 2% produced by activation from neutron calibration
a  '%Xe (double EC), 0.095% natural abundance

Solar v's: pp+’Be+CNO (ER)

Detector ER, y emitters from detector materials
a 28y, 22Th, 4K, °Co decay chains

Electron Recoil
Backgrounds

Internal ERs

22

Ewan Fraser - LZ - Liverpool HEP Seminars 2026



High Energy Nuclear Recoil Search - Event Selection

Data Selection for HENR2024

log10(S2c [phd])

science

AN (001
T{uAa}IOﬁgz L

PA9N0°0F
TA9Y 0°00C
2 Aoy 90L ) o

T AGY 00
1 A9Y 0°00€

L “ASMGSC
L A9 C98

| S R S R PRy e g

[y}
(=2
(=}

— 1000 GeV/c? L3, WIMP

Accidental — MSSI

Event of interest Occurred on 16 June 2023 (LZ230616)

Q  248+23 23Sys keV compatible with nuclear recoil

| ~25 cm from cathode and TPC wall

Background considerations:
Signal Suppression

d  S2 - Suppression of -70%
d  Unexpected loss of electrons in transit?
o - Enhancement of +450 phd

Instrumental

[d  Accidentals - random coincidence of isolated S1 and S2s
MSSI - Multiple scatter single ionisation

Nuclear Recoil

@  CEvNS - 8B + hep, Atmospheric neutrinos
O  Neutrons from USF and («,n) in detector materials
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High Energy Nuclear Recoil Search - Accidentals

|
Physical drift region | Unphysical drift region

d Accidental (random) coincidence of uncorrelated s1 S2 £
isolated S1 and S2 pulses _L :;E
| X
4 Random drift times, some of which are unphysical IE
|
|

Accidentals Cartoon

A LZ's accidentals model:
Q1 Rate: Measure rate of unphysical drift time (UDT)
single scatters. Analysis cut efficiencies analysed
using manufactured accidental events. ol

Counts

d Shape: Manufactured by combining isolated S1 and
S2 waveforms and applying analysis cut efficiencies.

A High statistics manufacture dataset - chopstitch

log1(S2c [phd])
Predicted Counts

A Analysis cuts have an 99.5% rejection power

0 100 200 300 400 500 1073 10
Sle [phd] Counts

Post-Cuts Accidentals PDF and UDTs 24
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High Energy Nuclear Recoil Search - MSSI Definition

Multiple Scatter Single lonisation (MSSI)
A Instrumental Background
4  Scatter inside Fiducial Volume and a scatter in a
charge insensitive region O WEIRYSS
1 Results in a enhanced S1, and one S2

Charge insensitive regions
A S2isn’t drifted to the extraction region Fiducial Volume
d  Reverse field region below the cathode: 13.75cm tall
A Near TPC wall: ~3mm around field rings

Background model components: RER MSSI RER MSSI
[ y-rays from detector materials ®
d  Activities from radioassay
Q 2"pp B — 2'Bi y-ray
A Has y-rays 87% of the time
=Xpeciation
4 0.005 +0.005 counts in science sample. MSS| Cartoon

@ ~90% prompt veto efficiency 25




High Energy Nuclear Recoil Search - MSSI Definition

Prompt veto tagged sample
" T =~ ‘| PO

Multiple Scatter Single lonisation (MSSI)
A Instrumental Background
4  Scatter inside Fiducial Volume and a scatter in a
charge insensitive region 4.5
1 Results in a enhanced S1, and one S2

5.0

Charge insensitive regions 3240 ]
A S2isn’t drifted to the extraction region %U

d  Reverse field region below the cathode: 13.75cm tall S MM | | aeea-

A Near TPC wall: ~3mm around field rings g

Background model components:
[ y-rays from detector materials

'I"AS}IO'OQZ e

O Activities from radioassay >0 EE S 5 2 25 ]
O 2"“Pb B — 2'Bi y-ray A L -
_ 0 200 400 600 800
[ Has y-rays 87% of the time Slc [phd]
Expectation y-rays from detector materials
d  0.005 £ 0.005 counts in science sample. — ¥Xe
@ ~90% prompt veto efficiency — MSSI 26
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High Energy Nuclear Recoil Search - Neutrons

Delayed veto tagged sample
Calibration: 5.0

A Single scatter neutron veto efficiency: 92 + 4 %

A Delayed neutron capture on Gd and H in Outer Detector
4 Also can tag prompt gammas and neutron thermalisation

Background Model:

A (a, n) and uranium spontaneous fission (USF) simulations
4 Based on radioassay
A USF single scatters suppressed due to resulting n & y
multiplicity
J

(a, n) kinetic energy predominantly low kinetic energies
Sidebands:

2NN §'ST
TASY 0001
2 A9 0°0F

T AOY 0'0S |
AP T'SS
A®Y 0°00C
\)()AQ){ 90L
AOY 98
A9 0°00€

4 To produce an 250 keV _a neutron would require 8 MeV KE

O  Fit of the delayed veto sample gives a result of [0-1.3] neutrons 0 200 S 164‘[)311 " 600 800
A Multiple scatter analysis also consistent with background model Combined ER background
A Both consistent with radioassay predictions

— Combined NR background

27
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Light Dark Matter Search 2025 - CEvNS

https://arxiv.org/pdf/2512.19784 _ ‘FE‘GTV/C‘Z o !&‘B. | inidf"fa'j
Expected neutrino nuclear recoil spectra o 150 E
108; — 8B g 1(5)2: N e :
E hep 0E . | ; . 2 . !
— 1065' - pp i " T T T T rrrrrrrr T T T T T T T T T T
7 "Be (0.38 MeV) 800 10 7
EJ 104% } : :)Be::;(O.SGMeV) : g
o T 1y 600 8
| F 15 =) E e e
a 1025' 17O E [ 7
g | ATFM % [ I,/e \\7
T 100k L —- DSNB & 400 ) ® 7
S B DM (6 GeV) I ) Q\l S 1
LS S i SR 4
o E :'\.\"\‘\. o s s
104k I LN 0.0 2.5 5.0 7.5 100 125
2 f i Yy S1c [phd]
' 10-5f N . . : : : :
i - A #0.0507
E H \ +0..
[ N N [ o$t | Detector Neutrons
Recoil Energy [keV] :' 6 6+0,; ' | | |
==—0!3)
16.503
[  Search for 3-9 GeV/c? WIMPs : : | | | |
. . . Expectation I 20.6182
3 Lower energy region of interest: ~1-6 keV | | — o
O Largest background 8B solar neutrinos
d CEvNS , , | | 3 GeV WIMP
0 5 10 15 20 25 30 35 28

Event Counts (4.2 tonne-years)
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Light Dark Matter Search 2025 - CEvNS

LI L s sy B s

12 T T T T T T T T T T T T T T T T T T T T T
i 1t }—e—q B16-AGSS09met (Low Metallicity) | FE <\ e Median

T T E|
[ —e— BI16-AGSS09met (Low Metallicity) 30 discovery potential 3
L === Median expected upper limit
10»* - —— Observed upper limit E
- | &< SNO (2013) —
—_ o
g 5 B PandaX-4T (2024) | ° | E )
2 o E
'hé i — 670 ] . S
& oL i I o |  LZ (This Result) g
2 ’,D_ Ty < .
(5] iscovery
S scovery e 2 4 6 8 10 = ...
2 I =2 d : 5 9 T ‘oo, PandaX-4T S1-S2 (2023)
A b - 8B neutrino flux [10% cm™2s71] s . ]
iden 7 Q .......... f
. X R XENONNT (2024) ]
i | L Idealized Neutrino Fog S —
r 7 6| (O'Hare, 2021) \ ; -
L i 10 " E E
1 =
LZ (WS2025) T.I..HI..HI...‘IK..‘l...\lu..l‘u.l.‘
3 4 5 6 7 8 9 10

DM Mass [GeV/c?]

@ 4.50 discovery significance for 8B CEvNS in LXe
Flux in agreement with neutrino background predictions

World leading sensitivity to WIMPs 5 GeV/c? - 9 GeV/c?
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High Energy Nuclear Recoil Search - Background Fit

—— MSSI Internal v-rays + ICs + ECs

Background Fit e S
A Science, Prompt & Delayed tagged samples fit simultaneously
A Integral of 500 < S1c < 600 phd
2 Model: 0.0106 * 0.0008 (sys) counts
@ Data: 1 event, LZ230616

Continuous ERs e Data

F Sle< 250 phd

Events / bin width

Statistical Inference
A Profile likelihood ratio to test compatibility between signal and
background-only hypotheses
1 Asubset of models have a background-only rejection
significance of up to 3.40
A Best fit number of WIMPs of 1 £1.4

Events / bin width

Global Significance

A Look elsewhere effect significance correction
A Required as testing many signal models

A Global significance 2.60

A Tension with background-only hypothesis

Events / bin width

(log10(S2c) - HNR)/(ZJ' NR
1D Representation of Background Fit 30
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High Energy Nuclear Recoil Search - Result

Background Fit LZ Preliminary
O  Science, Prompt & Delayed tagged samples fit simultaneously ..~ o ] T
A Integral of 500 < S1c¢ < 600 phd 3 3
O Model: 0.0106 + 0.0008 (sys) counts Internal y/ICS/ECs{ L el
[ Data: 1 event, LZ230616
Atmospheric v H (1.1+0.2) x 102
Statistical Inference 8B-+hep v T
A Profile likelihood ratio to test compatibility between signal and . _ ' i .
background-only hypotheses Accidental coincs. | ey
A Asubset of models have a background-only rejection MSSI (4.6448) % 103
significance of up to 3.40 ' Mee
A Best fit number of WIMPs of 1 £ 1.4 Detector NRs—jgg————[0.0M81 | @ tor NRs
Global Significance £30 (1000 GeV/CZ)_““”‘*” winp
1 Look elsewhere effect significance correction 10-4 150'—2 hcul)o o 1{)12 104
@ Required as testing many signal models earch Counts (Fitted)
A Global significance 2.6c0 Background Fit Values

d Tension with background-only hypothesis
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High Energy Nuclear Recoil Search - Limits

Background Fit
A Science, Prompt & Delayed tagged samples fit simultaneously
A Integral of 500 < S1c¢ < 600 phd

d Model: 0.0106 * 0.0008 (sys) counts
d Data: 1 event, LZ230616

Statistical Inference
A Profile likelihood ratio to test compatibility between signal and
background-only hypotheses

4 A subset of models have a background-only rejection
significance of up to 3.40

A Best fit number of WIMPs of 1 £ 1.4

Global Significance
A Look elsewhere effect significance correction

A Required as testing many signal models
A Global significance 2.60

d Tension with background-only hypothesis

dj, (dimensionless)

H

107" g

0 50 100 150 200 250 300
Mass Splitting [keV]
102 ————— —_—

10! 3\

10°F

S

10

e
-
______
______
-~ =
________

10! 102 103

ENR2024 two-sided interattion limits
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WIMP Search 2024 - Phys. Rev. Lett. 135, 011802
3 Region of interest ~5-55 keV
A World leading sensitivity to WIMP-nucleon cross-section
a (9 GeV/c? - 10 TeV/c?) WIMP masses

High Energy Nuclear Recoil Search 2024 - arXiv:2609.02823
[  Region of interest ~5-270 keV _with 220 livedays

16 June 2023 (LZ230616) - 248 + 23stat + 23sys keV
A Background-only hypothesis rejected global p-value 2.6o0

Light Dark Matter Search 2025 - Phys. Rev. Lett. 137, 091806
3 Lower energy region of interest: ~1-6 keV

Q  World leading sensitivity to WIMPs 5 GeV/c? - 9 GeV/c?
@ 4.50 discovery significance for 8B CEvNS in LXe

Upcoming '3¢Xe OvBB Search - A. Musalhi — TeVPA 2026
A 510 liveday search
[  Competitive limit

Q ~3.0 x 10 years half-life

Ewan Fraser - LZ - Liverpool HEP Seminars 2026



LZ (LUX-ZEPL|N) Collaboration, 39 Institutions, 250 scientists, engineers, and technical staff
'i @ https://1z.Ibl.gov/ “ @Ilzdarkmatter
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Backup HENR2024
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Bias Mitigation

d  “Salting” - fake signal injected randomly N
e | Exponential energy distribution to
@ Manufactured from sequestered ER & NR calibration data represent WIMP scattering with flat
pedestal to higher energies
[ Unknown number of salt events
A Rate capped by WS2022 cross-section limit
d  Exponential WIMP recoil spectrum A, -
A+ flat energy spectrum to cover high energy NR >
so 90— ———————————————
\ | Emax
4'5:' ’ 40;‘LZ Preliminary ]
% 3.8 s —
‘5&74'0 | — : ¥ n® -, '.' (_'.: & s
S 2 36 ol N ]
=35 u% 3.4:— g i
S 3af B
el ;ig? ] 3.0i .
“8;)0 2'8:_..‘.l....iu,.lu..l....1‘...1.“._
Hlalnhs] 0 5 10 15 20 25 30 35

Sic [phd] 36
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High Energy Nuclear Recoil Search - Accidentals

|
Physical drift region | Unphysical drift region
A Accidental (random)

coincidence of uncorrelated 51’ /\52 IE
isolated S1 and S2 pulses
’\ | ! J\

A LZ's accidentals model: :
_ Accidentals Cartoon
L Rate: Measure rate of unphysical drift ime (UDI) single
scatters. Analysis cut efficiencies analysed using
manufactured accidental events.

d Shape: Manufactured by combining isolated S1 and S2
waveforms and applying analysis cut efficiencies.

A High statistics manufacture dataset - chopstitch

A Analysis cuts have an 99.5% rejection power

Ewan Fraser - LZ - Liverpool HEP Seminars 2026

PMT Array

Extraction
Region

Drift
Region

145.6 cm

Reverse
Field

S Bottom Grid

-1.5kV

PMT Array
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High Energy Nuclear Recoil Search - Accidentals

d Accidental coincidence of
uncorrelated isolated S1 and S2
pulses

A LZ’s accidentals model:

d  Shape: Manufactured by combining isolated S1 O g
and S2 waveforms and applying analysis cut Pre-Cgts Accidentals PDF and UDTs
efficiencies. ; 10

d Rate: Measure rate of unphysical drift time (UDT) 9
single scatters. Analysis cut efficiencies analysed B
using manufactured accidental events.

A Analysis cuts have an 99.5% rejection power 3af

0 100 200 30

Post-Cuts Accicilec[ﬁlf]a
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400 500 1073 10!

Is PDF and UDTs

Predicted Counts

Predicted Counts
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High Energy Nuclear Recoil Search - MSSI Definition

5.0
Multiple Scatter Single lonisation (MSSI) I

d  Instrumental Background
(A  Scatter inside Fiducial Volume and a scatter in a 4.5
charge insensitive region I

A Results in a combined S1, and one S2 §
£4.0
Charge insensitive regions o
d  S2isn’t drifted to the extraction region :’s;
o

d  Near TPC wall: ~3mm around field rings

enhancement
(A To create an event similar to LZ230616

1 Reverse field region below the cathode: 13.75cm tall 35[,
A S2is consistent with a 12 + 2 keV ER 0

‘~
‘‘‘‘‘

——
e ————

= = ——
——-

\
1
1
\
\
\
-4

science |

A Additional S1 from a charge insensitive region, either:
d 78 keV + 7 keV ER near the wall
d 204 +50 keV ER in the RFR
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High Energy Nuclear Recoil Search - MSSI Modellmg

Background model components:
d  y-rays from detector materials
d  Activities from radioassay
Q  2"%Pb B — 2"Bi p-ray
A Has y-rays 87% of the time

Q  2"Pb B activity constrained by ?'8Po & ?'*Po a activities

Expectation

A Suppressed by FV volume choice

log10(S2c¢ [phd])

[  0.005 +0.005 counts in science sample. ~90% prompt veto efficiency

204 keV

I
I
L}
I
)2

Ey
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High Energy Nuclear Recoil Search - Result

—— MSSI Internal v-rays + ICs + ECs
Source Expected Events Fit Result N tecorNRs o e
Internal 3 decays 1341 4+ 160 1340443 Continuous ERs s Db
v ER 140.6 + 8.4 140.3+8.4 z
130Xe 110.0 £ 16.5 114.2+16.1 £ " ste<as0pud
CH5T & C 55.3+3.1 55.2+3.1 :
2%, 21.0+6.3 22.6+5.0 3
. 1714 5.1 17.07%3 g
| 8.94+2.7 9.8+2.3
Detector ERs 8.5+t34 9.4+77 g
Accidental coincs. 2.7+0.6 2.6 +0.6 =
127Xe + 1%°Xe 1.54+0.3 124063 2
Atmospheric v (1.1£0.2) x 107" (1.1£0.2) x 107" §
8 B+hepv (5.74+0.6) x 1072 (5.7+0.6) x 1072 =
MSSI (4.94+4.9) x 107% (4.6735) x 1073  _
Detector NRs - [0,0.118] 2w
1000 GeV/c? WIMP - 105 28
Total counts — 1713 £ 39 % 12
Observed counts - 1710 2 10k ]

(log10(S2¢) - puxr)/oNr

Ewan Fraser - LZ - Liverpool HEP Seminars 2026



High Energy Nuclear Recoil Search - Waveform

Amplitude [phd/ns]

Amplitude [phd/ns]
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High Energy Nuclear Recoil Search - Date of Event

Previous calibrations in source deployment tubes:
57Co removed 25 mins earlier

not a concern as occurred on opposite side of detector

57Co are low energy y-rays used for calibrating the Skin and OD.
AmBe on 8 June 2023

one week before

B 7 7 il i

7 | 1 |

? ///// 7 Y ! 1

¢ o / 7 i :

“% /% / v ] |

&« / 4 1
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7 77 b 1
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Legend: 2Na  5Mn LZ230616
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High Energy Nuclear Recoil Search - MSSI

MSSI| model
o Rate: Derived from simulations. Validated in

higher energy region

o Shape: Validated in looking at high energy
region and closer to charge dead regions

Expectation

o FV aggressively removes MSSI events
o 0.0049 + 0.0049 in science sample

o 94 + 2% prompt tagging efficiency

log10(S2c [phd])

log10(S2¢ [phd])

5.0

5.0
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High Energy Nuclear Recoil Search - Observables

Electron Recoill

-~ ey . >

/ Interactions i T P ? R o mmm e %

o v 9 X i Electron or nuclear

sot ...8 a4 ". .~ i recoil with Xe atom !

L 800 ’ . « ™ 4
° ? «— Electron track
v
. {

Dl e ——o—%—0 ) . . ; :
@ (a) Excitation (d) lonisation ' | lonisation signal '
PR X+Xe—x+Xe* I I X+Xe—x+Xet+e” I : N (S2) .
0.5 ym v (e) Recombination |
(b) Excimer formation | < Xe*+Xe— Xep* : Observables .
__________________________________ Xe*+2Xe—Xey"+Xe Xe, +e—Xe +Xe| ! :
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High Energy Nuclear Recoil Search - CRM

- Muons cascades can produce neutrons Selection #
o Neutrons can be O(GeV) in energy A
o Likely aligned with muon direction b generated 2.1x10"9
o Accompanied by other products fnin Lxe 5 6x 1075
- If a muon enters any of the detectors, it is observed, and the event is +SS 230
removed. It is only a dangerous background if
o The neutron is the only particle to enter any detector system +in EV 19
o Simulations of mono-energetic neutrons (50 MeV — 1GeV)
indicate 80 + 4% tagging efficiency. +in ROI 0
Contribution evaluated through simulation
- MUSUN generated distribution [1]
- 1200 years of LZ exposure simulated with no signal-like deposits
- Validated against Geant4 + FLUKA sims [2,3] [1] Com. Phys. Comms 180 (2009)
- Normalised to flux: 5.09 (4 0.08, + 0.10,,) x 10~° cm™2s~ [4] e TN T ———

[4] arXiv:2602.16799

90% confidence level upper limitof 4.6 x 10~*
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Backup WS2024
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- - High Mixi L M
Liquid Xenon Flow

O  Fine control of LXe circulation and temperature allows E_ oF
control of LXe flow state

TV=17 pm/s
&= I

H—
1.20<z<50cm

d  High-mixing state: Turbulent flow, better circulation
across TPC, uniform injection of calibration sources

Observed 2'%Po Activity [uBq/kg]

A Low-mixing state: Slower, laminar flow. Lower activity
in FV, predictable “streamlines”.

T V=22 pmis
e A Y N

L I B P IR B
=50 0 50 =50 0 50

X [em] X [em] 7
160, ngh Mlxmg LZ Prellmlnary Low Mlxmg
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120 ] 53
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Radon Tag

Veto

=0 min

Volume «

2l4ppe

‘/

t=25 min

t=25 min

214pp+

j u

“Naked” 2'*Pb B make up majority of ER background

Combine LXe flow maps & electric field maps to predict
volumes likely to contain charged or neutral 2'*Pb.

Reduces ?'“Pb to 1.8 £ 0.3 uBqg/kg in untagged sample
3.9+ 0.4 uBg/kg in total exposure

Tagged and untagged samples both fitted for WS2024

Tagged 60+4 15

Untagged 40+ 4 85
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Electron Capture Backgrounds

a '2°Xe & '?"Xe decay by electron capture (EC)

A Produced by activation from neutrons calibration and cosmogenics
A Rate in WS2024 << WS2022

L-shell electron capture (5.2 keV) is a WS background

Electron capture has a field-dependent suppressed charge yield

] 3H @
Higher ionization density — increased recombination Xe L-shell EC H B decay

0.12 [

(27.140.7) e /keV

LZ WS2022 (193 V/em): Q,/Q,=0.880.01* i
LZ WS2024 (97 Vicm): Q /Q,=0.87+0.03" FI Y o o

L ol 0O O 0O

B
A 0.06F
-9

Charge suppression first measured in XELDA
O PRD 104, 112001 (‘21) ooal

0.02-

0.00 o I I I Creis
10 15 30 50

Qyle /keV]

*Preliminary, dedicated publication in progress e B simulation 50


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.112001

124Xe Double Electron Capture

107 F -

124Xe 2vECEC T,,=(1.09£0.14%2+0.05%°)x10%* years :
[ Worlds longest directly measured half-life R e S p P 1
%a 10 _ LZ (this work) N l X]ag;”—: E

In-situ T, , measurement of KK (64.3 keV) captures - (65 + 5)% «

LL (10 keV) and LM (6 keV) are WS backgrounds N
LM modelled with same as single L-shell charge suppression
QO Q,/Q=Q/Q,
For LL expect further charge yield suppression due to higher i
ionization density. o
= 3.8F
Vary Q_,/Qy in fitting of our dat;9.65 <Q /Q;< 0.8‘7\ §3.6_
2x ionization density Q/Q, g
32F
3.0
Best fit to WS2024 data: QLL/QB =0.70+0.04 pgbecl i
"0 10

Ewan Fraser - LZ - Liverpool HEP Seminars 2026

XENONT100 (2017)

PRI [T R SRS NN S S
QRPA QRPA

ET

(2013) (2015) (2018) (2018)

WS2022 J. Phys G 52, 015103

NSM Experiments

2k LZ Preliminary

10 keV B

5.98 keV LM 2

QL. /Qp=0.65

Qrr/Qp=0.87

UL S O S By B s B B B B B B B

WS2024 LL (0.7)]

20 30 40 50 60
Slc [phd]

70

80
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https://arxiv.org/pdf/2408.17391

Backup Ovpf
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Search for 0vBR with '*®Xe - Event Selection

136X e 0vBR Volumes and Extended Reqion of Interest

SS rate [counts/day/keV]

136Xe 0vBR Expected Sensitivity

1027 —[LZ prellmlnary]—

KamLAND-Zen (2025)

LZ expected
(509.7 live days)

EXO-200 (2019)

PandaX-4T (2025)

107 107° 107¢ 1073
x10°
i
e A0%E
>
Rty
T S8
O B0 & STa
- - Yo o~
i -
o Q
B X
b
- 1025 -
£
9
N
1 1 1 1 1 . 0'0 1 1 1 1 : > 1 3 2l b P s
10230402502 602 702 0.2 0.4 0.6 0.8 1.0 1.2 1.4
R2 [cm?] Slc [phd] x10* 1024

@ Soon to be released '**Xe 0vBp analysis
d  Energy only statistical inference
d  Inner volume
A Low background expectation
A Excellent energy resolution - 0.66% Q
O  Competitive limit without 3®Xe enrichment
O  Natural **Xe abundance ~9%
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