Search for dark matter particle interactions in an extended nuclear recoil energy
window with the LUX-ZEPLIN (LZ) experiment

D.S. Akerib,"2 A.K. Al Musalhi,? B.J. Almquist,* C.S. Amarasinghe,®> A. Ames,"»2? T. Anderson,® N. Angelides,”
H.M. Araijo,®° J.E. Armstrong,'® M. Arthurs,"»2 A. Baker,'! S. Balashov,” J. Bang,* J.W. Bargemann,’
E.E. Barillier,” D. Bauer,® A. Beauchene,'? T.L. Benson,'® A. Bhatti,'° T.P. Biesiadzinski,"? H.J. Birch,”

E. Bishop,'* G.M. Blockinger,'® B. Boxer,'6 C.A.J. Brew,’ P. Brés,'” S. Burdin,'® M.C. Carmona-Benitez,?
M. Carter,'® A. Chawla,?? J.J. Cherwinka,'® Y.T. Chin,'? S. Contreras,?' M.V. Converse,?? R. Coronel, 2
A. Cottle,? C. Coulson,?® G. Cox,?* C.E. Dahl,?>2?> I. Darlington,® S. Dave,? J. Delgaudio,?* S. Desai,?! S. Dey,'?
L. de Viveiros,'® L. Di Felice,® C. Ding,* J.E.Y. Dobson,'! E. Druszkiewicz,??> S. Dubey,* C.L. Dunbar,?*
S.R. Eriksen,?0:[ S. Fayer,® N. Fieldhouse,'? S. Fiorucci,® H. Flaccher,® E.D. Fraser,'® T.M.A. Fruth,?”
P.W. Gaemers,"2 R.J. Gaitskell,* A. Geffre,?* J. Genovesi,!? C. Ghag,® J. Ghamsari,!* A. Ghosh,
S. Ghosh,'2 R. Gibbons,% 2% S. Gokhale,?? J. Green,® M.G.D.van der Grinten,” J.J. Haiston,?° C.R. Hall,!°
T. Hall,'® R.N. Hampp,” S.J. Haselschwardt,?® M.A. Hernandez,” S.A. Hertel,?? G.J. Homenides,33
M. Horn,2* T. Horoho,?' D.Q. Huang,2! W. Hulse,* D. Hunt,* E. Jacquet,® R.S. James,®[[| K.R. Jenkins,'?
A.C. Kaboth,?° A.C. Kamaha,?! D. Khaitan,?? A. Khazov,? J. Kim,® Y.D. Kim,*® D. Kodroff,® Q.C. Kong,*
E.V. Korolkova,?¢ H. Kraus,'? S. Kravitz,3* L. Kreczko,?6 V.A. Kudryavtsev,3¢ C. Lawes,!! E.B. Leon,>!
D.S. Leonard,*® K.T. Lesko,% 2 C. Levy,'® Z. Li,"»? J. Lin,%2® A. Lindote,'” W.H. Lippincott,® J. Long,?
M.I. Lopes,'” W. Lorenzon,®! C. Lu,* S. Luitz,"? W. Ma,'? V. Mahajan,?® P.A. Majewski,” A. Manalaysay,°
R.L. Mannino,?” R.J. Matheson,?° C. Maupin,?* M.E. McCarthy,?? D.N. McKinsey,% 2® J. McLaughlin,??
J.B. McLaughlin,? B. Mitra,?? E. Mizrachi,’»? M.E. Monzani,"?3® K. Mora,” E. Morrison,?’ B.J. Mount,3°
J. Munski,'® M. Murdy,3? A.St.J. Murphy,'* H.N. Nelson,® F. Neves,!” A. Nguyen,'* C.L. O’Brien,** F.H. O’Shea,*
I. Olcina,% 28 K.C. Oliver-Mallory,® J. Orpwood,?® K.Y Oyulmaz,'* K.J. Palladino,'? N.J. Pannifer,?6
S.J. Patton,® B. Penning,” G. Pereira,'” R. Peres,® E. Perry,® T. Pershing,” A. Piepke,® S.S. Poudel,?°
Y. Qie,?? J. Reichenbacher,3® G.R.C. Rischbieter,” 3! E. Ritchey,'!® H.S. Riyat,3® R. Rosero,?? N.J. Rowe,!?
T. Rushton,?® D. Rynders,?* S. Saltdao,'” I. Sargeant,” A.B.M.R. Sazzad,?>37 R.W. Schnee,?® G. Sehr,3*

B. Shafer,' S. Shaw,'* L. Sherman,’»? K. Shi,3' T. Shutt,"2 C. Silva,!” G. Sinev,3? J. Siniscalco,3
A.M. Softley-Brown,3® V.N. Solovov,'!” P. Sorensen,® J. Soria,% 28 T.J. Sumner,® M. Szydagis,'® C.F. Tang,??
K. Thieme,'2 D.R. Tiedt,?* D.R. Tovey,?® J. Tranter,36 M. Trask,”> K. Trengove,'® B. Twigg,'® A. Usén,'*
A.C. Vaitkus,? O. Valentino,® A. Wang,"? J.J. Wang,?® Y. Wang,5 28 L. Weeldreyer,® T.J. Whitis,'3 K. Wild,'®
J. Winnicki,! M.S. Witherell,® 28 L. Wolf,2° F.L.H. Wolfs,?2 S. Woodford,'* D. Woodward,’ Q. Xia,%0 J. Xu,3"
Y. Xu,2! M. Yeh,?® D. Yeum,'? J. Young,''! H.D. Zenger,"»?> W. Zha,'® H. Zhang,'* T. Zhang,® and Y. Zhou®

(The LZ Collaboration)

YSLAC National Accelerator Laboratory, Menlo Park, CA 94025-7015, USA
2Kavli Institute for Particle Astrophysics and Cosmology,
Stanford University, Stanford, CA 94305-4085 USA
3 University College London (UCL), Department of Physics and Astronomy, London WC1E 6BT, UK
4 Brown University, Department of Physics, Providence, RI 02912-9037, USA
5 University of California, Santa Barbara, Department of Physics, Santa Barbara, CA 93106-9530, USA
S Lawrence Berkeley National Laboratory (LBNL), Berkeley, CA 94720-8099, USA
" University of Zurich, Department of Physics, 8057 Zurich, Switzerland
8 Imperial College London, Physics Department, Blackett Laboratory, London SW7 2AZ, UK
9STFC Rutherford Appleton Laboratory (RAL), Didcot, 0X11 0QX, UK
0 University of Maryland, Department of Physics, College Park, MD 20742-4111, USA
" King’s College London, King’s College London,
Department of Physics, London WC2R 2LS, UK
12 Ungversity of Ozxford, Department of Physics, Oxzford OX1 S8RH, UK
13 University of Wisconsin-Madison, Physical Sciences Laboratory, Stoughton, WI 53589-3034, USA
Y University of Edinburgh, School of Physics and Astronomy, Edinburgh EH9 8FD, UK
5 University at Albany (SUNY), Department of Physics, Albany, NY 12222-0100, USA
18 Ungversity of California, Davis, Department of Physics, Davis, CA 95616-5270, USA
17 Laboratério de Instrumentacgo e Fisica Ezperimental de Particulas (LIP),
University of Coimbra, P-3004 516 Coimbra, Portugal
18 Undversity of Liverpool, Department of Physics, Liverpool L69 7ZE, UK
19 Pennsylvania State University, Department of Physics, University Park, PA 16802-6300, USA
20 Royal Holloway, University of London, Department of Physics, Egham, TW20 0EX, UK



2 University of California, Los Angeles, Department of Physics & Astronomy, Los Angeles, CA 90095-1547
22 University of Rochester, Department of Physics and Astronomy, Rochester, NY 14627-0171, USA
23 Northwestern University, Department of Physics 6 Astronomy, Evanston, IL 60208-3112, USA
24 South Dakota Science and Technology Authority (SDSTA),

Sanford Underground Research Facility, Lead, SD 57754-1700, USA
25 Fermi National Accelerator Laboratory (FNAL), Batavia, IL 60510-5011, USA
26 Undversity of Bristol, H.H. Wills Physics Laboratory, Bristol, BSS8 1TL, UK
2" The University of Sydney, School of Physics, Physics Road, Camperdown, Sydney, NSW 2006, Australia
28 University of California, Berkeley, Department of Physics, Berkeley, CA 94720-7300, USA
29 Brookhaven National Laboratory (BNL), Upton, NY 11973-5000, USA
39South Dakota School of Mines and Technology, Rapid City, SD 57701-3901, USA
31 University of Michigan, Randall Laboratory of Physics, Ann Arbor, MI 48109-1040, USA
32 University of Massachusetts, Department of Physics, Amherst, MA 01003-9337, USA
33 University of Alabama, Department of Physics & Astronomy, Tuscaloosa, AL 34587-0324, USA
34 University of Tezas at Austin, Department of Physics, Austin, TX 78712-1192, USA
35IBS Center for Underground Physics (CUP), Yuseong-gu, Daejeon, Korea
36 University of Sheffield, School of Mathematical and Physical Sciences, Sheffield S3 7TRH, UK
37 Lawrence Livermore National Laboratory (LLNL), Livermore, CA 94550-9698, USA
38 Vatican Observatory, Castel Gandolfo, V-00120, Vatican City State
39 Black Hills State University, School of Natural Sciences, Spearfish, SD 57799-0002, USA
40 Purdue University, Department of Physics and Astronomy, West Lafayette, IN 47907, USA

We report on a search for dark matter particles interacting with xenon nuclei in an exposure
of 2.84 tonne-years with the LUX-ZEPLIN (LZ) experiment. An extended nuclear recoil energy
window up to approximately 270 keV enables searches for effective field theory and inelastic models
of dark matter where high-energy recoils account for a larger fraction of the predicted recoil spectrum
compared to the nominal spin independent interaction. We observe one event with characteristics
consistent with a nuclear recoil of 248 + 23 (stat) & 23 (sys) keV, in a region where the known
background expectation is low. A profile likelihood ratio test finds tension with the background-
only hypothesis at a global significance of 2.60 when accounting for look-elsewhere effects, with a
maximum local significance of 3.40 across the models tested. We describe the analysis and event
of interest, the background model used in the statistical inference, and detail several of the rare

background topologies considered.

Introduction — Astrophysical and cosmological obser-
vations have provided compelling evidence for the exis-
tence of dark matter (DM) that would constitute most of
the matter content of the Universe [IH4]. Weakly Inter-
acting Massive Particles (WIMPs) are among the best-
motivated candidates for dark matter, arising naturally
in many theories beyond the Standard Model. Numer-
ous direct-detection experiments have searched for inter-
actions between dark matter particles and ordinary mat-
ter, with experiments such as LUX-ZEPLIN (LZ) placing
stringent constraints on many leading theoretical mod-
els [5HI3).

WIMP searches for particles with mass > 10 GeV /c?
typically focus on spin-independent (SI) and spin-
dependent (SD) interactions generating < 100 keV nu-
clear recoils [14HI6]. Any momentum dependence in
these interactions is assumed to be suppressed as the in-
verse of the momentum transfer is much larger than the
size of the nucleon. Allowing for momentum-dependent
WIMP-nucleon couplings can result in predicted recoil
spectra that differ from the SI and SD cases, including
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non-negligible contributions at higher recoil energies. In
this Letter, we report the latest results from the LZ ex-
periment in a nuclear recoil energy range up to 270 keV.

Theory — Effective field theories, such as those devel-
oped by Fan et al. [I7] and Fitzpatrick et al. [18], provide
a more general framework for DM scattering than the
usual SI and SD treatment. We use the non-relativistic
effective field theory (NREFT) developed in Ref. [I8],
in which the WIMP-nucleon interaction is treated as a
four-particle contact interaction

Eint = OX)_(NN7 (1)

where x and N are non-relativistic fields for the WIMP
and target nucleon, respectively. Enforcing momentum
conservation and Galilean invariance [I8] reduces the op-
erators to a basis of four Hermitian quantities
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where ¢ is the momentum transferred from the WIMP to
the nucleon, my is the nucleon mass, p is the reduced
mass of the WIMP-nucleon system, ¢ is the relative ve-
locity between the WIMP and the nucleon, ¢ is the
component of the relative velocity perpendicular to the
momentum transfer, §X is the spin of the WIMP, and Sy
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is the spin of the relevant nucleon. Linear combinations
of these Hermitian quantities up to 2"d-order in § give
a total of fifteen independent and dimensionless NREFT
operators, denoted as ;. The operators can be mapped
onto fully relativistic covariant Lagrangians, the nonrel-
ativistic reductions of which we denote L;, allowing for
more complex interactions to be studied [T9H2T]. Equa-
tion [2] can also be modified to describe inelastic scatters
where the WIMP transitions into a more massive state
during the interaction, another mechanism that can lead
to a suppression of the low energy component of the recoil
spectrum [22]. Inelastic models arise outside of NREFT,
and they can generate interaction rates with significant
annual modulation peaking around June 2 [23-27].

Here, we perform a search for high-energy nuclear re-
coils arising from £4 — Lo [21], and for inelastic interac-
tions from O; and O4 with superscripts (s) and (v) re-
ferring to the isoscalar and isovector basis, respectively.
The inelastic operators are selected because they are ex-
tensions of SI and SD models. We use two interactions
as illustrative examples, shown in [Fig. 1l The first is the
inelastic spin-independent scatter, OF, which resembles a
Higgsino model [26]. The second is £5,, which describes
a magnetic moment interaction, chosen as it results in a
broad and double-peaked spectrum in our region of inter-
est (ROI). Predicted xenon nuclear recoil spectra for all
dark matter models are calculated with WimPyDD [2§]
using one-body nuclear density matrices developed for
DMFormfactor-v6 [2I], with modifications as described
in Ref. [29], and the Standard Halo Model with param-
eters recommended in Ref. [30]. Results for all of the
probed interactions are in the Data Release.

LZ Detector and Calibrations — The heart of the LZ
experiment is a low-background dual-phase time projec-
tion chamber (TPC) containing 7 tonnes of active liquid
xenon (LXe) [31), B2]. The TPC is equipped with arrays
of photomultiplier tubes (PMTs) at its top and bottom
to detect optical signals. Cathode, gate, and anode elec-
trodes create a set of electric fields that drift ionization
electrons to the liquid surface and extract them into the
gas phase. The liquid-gas interface lies between the gate
and anode at the top of the detector, and the cathode de-
fines the bottom of the active region. A bottom electrode
sits below the cathode to shield the lower PMT array.

The TPC is surrounded by a LXe Skin veto detector,
consisting of 2 tonnes of LXe instrumented for scintil-
lation readout whose main purpose is to identify -rays
entering or exiting the TPC. The TPC and Skin are con-
tained within a vacuum-insulated cryostat, which is in
turn surrounded by the Outer Detector (OD) veto. The
OD is 17 tonnes of gadolinium-loaded liquid scintillator
(0.1% by mass) and 229 tonnes of ultra-pure water, read
out by PMTs in the water space, and it detects neutrons,
~-rays, and muons. The LZ detectors are described in
more detail in Ref. [31].

Energy depositions in the TPC typically produce two
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FIG. 1. Nuclear recoil energy spectra for the two interactions
chosen as examples in this Letter. Top: Interactions via the
inelastic OF with splitting between WIMP energy levels (§)
of 0 keV (equivalent to a purely elastic spin-independent in-
teraction), 200 keV, and 300 keV for an impinging WIMP
of mass 1000 GeV/c?. Bottom: Elastic interactions of a
50, 200, and 1000 GeV/c* WIMP via L5,. The shaded gray
regions, <5.4 keV and >269.9 keV, indicate where the detec-
tion efficiency is below 50% after all data analysis criteria.
The coupling strength of each interaction is assumed to be
unity (i.e., ¢ = 1/m2 as in Eq. 21 and df = 1/m2 as in
Eq. 68 of Ref. [21], where m, = 246.2 GeV/c? is the Higgs
vacuum expectation value.).

signals: prompt scintillation light (S1), produced at the
location of the interaction; and delayed electrolumines-
cence light (S2), produced when extracted electrons are
accelerated through the gaseous phase by the applied
electric field. The S2 light hit pattern in the top PMT
array enables position reconstruction in the (z,y) plane,
and the time interval between S1 and S2 pulses provides
the depth, z. S1 and S2 signal sizes are measured in pho-
tons detected (phd) and vary with the position of the in-
teraction vertex. Position-corrected values, denoted Slc
and S2¢, allow for scale factors to correlate the signals to
the original number of photons and electrons produced.
The photon gain factor g; = 0.110 & 0.002 phd/photon
and the electron gain factor g = 34.5 4+ 1.1 phd/electron
are determined using monoenergetic peaks from back-
ground and calibration sources.

The S1 to S2 ratio provides discrimination power be-
tween electron recoil (ER) events, produced mainly by
~-ray and (§-decay interactions, and nuclear recoil (NR)
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FIG. 2. Calibration events in {Slc, log10(S2¢)} space from
tritium and '*C (light blue), 2**Pb (green), D-D neutrons
(orange), and AmBe neutrons (purple). The mean (solid)
and 10%-90% percentiles (dashed) of the ER (dark blue) and
NR (red) bands are given by the calibrated NEST model,
taking flat energy spectra and evaluating along lines of fixed
Slc. The solid grey lines show contours of constant energy
in {Slec, logi0(S2c)} space. The dashed grey line indicates
the WS ROI. Tritium and '*C data are cut off above Slc =
500 phd to avoid '**Xe contamination from activation due
to a preceding neutron calibration. To increase statistics, the
calibration datasets include events outside the fiducial volume
used in the main WIMP search analysis, leading to some wall
leakage. Grey points are outside of 40 from the mean of the
ER and NR bands. These points are not used in deriving
the NEST model as they are likely from interactions near the
TPC walls.

events, expected from dark matter interactions as well as
neutrons and coherent scattering of neutrinos — as illus-
trated in with calibration datasets. The ER re-
sponse is measured using in-situ B-decays of tritium and
14, injected as methane, and 2'2Pb from 2?°Rn injec-
tions. The NR response is measured using neutrons from
Deuterium-Deuterium (D-D) fusion (0-74 keV NRs) and
from AmBe (a,n) reactions (0-330 keV NRs) [33]. We de-
fine the “ER band” and “NR band” as the distributions
in {Sle, log10(S2¢)} space populated by flat-in-energy ER
and NR recoil spectra, shown by the solid and dashed
lines in Fig. The detector and model response pa-
rameters from NEST v2.4.5 (Noble Element Simulation
Technique) [34], B5] are tuned to describe the ER and NR
calibration data. The best-fit NEST parameters are pro-
vided in the Data Release, with more detail of the model
in the Supplemental Material.

Data Analysis — The 220 live days of data used in
this analysis were collected between 27 March 2023 and
1 April 2024. The detector conditions and a search
through these data for WIMPs producing signals with
Slcin the range 3—80 phd (> 50% acceptance for nuclear
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FIG. 3. Data in the WS ROI for the three analysis samples;
science (black), prompt veto (orange crosses), and delayed
veto (blue circles). The event of interest is shown by the
brown star near coordinate (45.9%cm? 26.4cm). The gray
points indicate data in the WS ROI but outside the FV, with
large populations of events at the cathode (z = 0) and wall,
as well as a population from interactions in the gas that re-
construct to a drift time of ~ 56 ps. The dashed line shows
the reconstructed wall, averaged over azimuth, indicating the
active volume. The solid lines indicate the F'V at the smallest
and largest radial extents. The points in the delayed veto sam-
ple come primarily from random coincidences of background
pulses in the veto detectors with ER backgrounds in the TPC.

recoils of 5.4 to 55 keV) are described in Ref. [5], which
this analysis takes as a starting point. Events are selected
as signal candidates if they are classified as single scatters
(SS), pass the data and analysis selections, and are within
a signal region of interest (ROI) and a fiducial volume
(FV). The analysis selections are unchanged from Ref. [5]
with the exception of the ROI, the FV, and the handling
of sidebands. Here, the WIMP search ROI (WS ROI)
is defined by Slc in the range 3 — 600 phd, S2 greater
than 645 phd, and S2c in the range 107> — 10*15 phd.
The maximum S2c is chosen to keep essentially all of the
signal distribution while eliminating the vast majority of
ER backgrounds. The Slc range is the same as used in
the previous NREFT search with LZ [29]. The NR sig-
nal efficiency averages 96% between 14 keV and 250 keV
(shown in in the Supplemental Material).

The LXe mass contained within the FV used in this
analysis is 4.71 & 0.08 tonnes, 14.5% smaller than in
Ref. [5]. Shown in the F'V boundaries are cho-
sen to limit backgrounds originating from the walls of
the TPC due to detector radioactivity and plate-out of
radon daughters, and from multiple-scintillation single-
ionization (MSSI) events, discussed in more detail below.
As represented by the dashed line in the average
reconstructed position of radioactive decays on the wall



of the TPC is pushed inward due to electrostatic field
effects, leading to a discrepancy between the true and
reconstructed locations of the wall [5], B6]. Events that
occur on the wall can be further misreconstructed radi-
ally inwards due to finite position resolution. The radial
boundary of the FV is a depth- and azimuth-dependent
contour defined such that the wall backgrounds have an
expected total count of less than (1.040.5) x 10~* events
inside the FV. The FV definition also enforces a min-
imum stand-off of 8.0 (6.0) cm from the true (recon-
structed) wall to the contour to reduce the MSSI con-
tribution. The maximum distance of the FV contour to
the true (reconstructed) TPC wall is 18.2 (10.4) cm near
the bottom of the TPC, and the mean distance is 10.7
(7.2) cm. The upper FV boundary is placed 12.8 cm be-
low the gate electrode, and the lower boundary is placed
9.0 cm above the cathode.

The data are divided into three samples according to
the presence of veto signals. Events that have no sig-
nal in either veto system are classified as science events,
shown in Events with a signal of size > 2.5 phd
in the Skin within +0.25 us of the TPC S1, or > 4.5 phd
in the OD within £0.3 us, are classified as prompt veto.
Events with Skin or OD signals above 300 or 200 keV,
respectively, that are within 600 us of the TPC S1 but
not in the prompt veto window are classified as delayed
veto. Simulations indicate that to a good approximation
the signal and background components have the same
{Sle, log10(S2¢)} shape in each sample but have differ-
ent rates. The partition allows y-rays and neutrons to be
constrained more effectively as the rates of these back-
grounds in the different samples are related by tagging
efficiencies: the prompt window tags both ~-rays and
neutrons, while the delayed window tags neutrons. Ran-
dom coincidence with Skin and OD backgrounds cause
0.01% (2.86%) of unrelated TPC signals to be vetoed by
prompt (delayed) pulses. More details on each sample
can be found in the Supplemental Material.

An attempt to mitigate possible analyzer bias by in-
jecting the dataset with artificial signal-like events, a pro-
cess known as “salting”, was unsuccessful. Drawn from
a distribution consisting of a sum of a WIMP Sl-like ex-
ponential and a flat NR spectrum out to 250 + 25 keV,
the salt events followed a NR model defined before the
AmBe calibration was conducted and did not adequately
cover the signal region at high energies. Despite the lack
of coverage, the analysis selections and likelihood models
were finalized before four salt events were revealed (in ad-
dition to the seven salt events previously removed as part
of the analysis in Ref. [5]). Three of the salt events fell in
the WS ROI with one just above, but all four fall outside
the 90% containment region for the calibrated NR band.
The salt can be seen in the Supplemental Material. Bias
mitigation in the region above 55 keV therefore relies pri-
marily on the use of unchanged analysis selections from
Ref. [5]. Ultimately, we consider the analysis described
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FIG. 4. Black points show the WIMP search data from the
full science sample which pass all data selections and are not
tagged by the veto detectors in {Slc, logi0(S2c)} space. The
dashed gray line indicates the WS ROI, and the red and blue
lines represent the NR and ER bands as in[Fig. 2] The event
of interest appears at (540.1 phd, 10%°% phd). The event be-
low log10(S2¢) = 3 is consistent with accidental background,
as described in Ref. [5]. The spectral features in the ER band
above 25 keVe. come predominantly from '2°T and '3%*Xe de-
cays and appear slightly below the beta-decay ER band due
to increased recombination form Auger cascades, as described

in Ref. [37].

here to be a non-blind analysis.

After all selections are applied and salt is removed,
one event in the science sample stands out in the NR
band, consistent with a 248 + 23 (stat) £ 23 (sys) keV
elastic nuclear recoil (S1c = 540.1 phd, S2¢ = 9268 phd)
and clearly visible in The event was recorded at
21:22:39 UTC, 16 June 2023. The location of the event
in {Slec, log10(S2¢)} is 1.50 below the median of the mod-
eled NR band at that Sle¢, and it is 6.70 below the median
of the modeled ER band. The reconstructed position of
the event is 26.4 cm above the cathode and 26.9 (23.4) cm
radially inward from the true (reconstructed) position of
the TPC wall, illustrated in The S1 partitioning
between the two PMT arrays is consistent with the recon-
structed z position of the vertex, and the S2 pulse shape
is consistent with a point-like interaction at the recon-
structed depth. Analysis of the S1 pulse shape does not
allow for conclusive ER-NR discrimination, with more
detail in the Supplemental Material.

All of the backgrounds described in Ref. [5] are present
in this analysis, with several additional ones considered.
The dominant ER components are: S-decays of 2'4Pb
and 212Pb in radon decay chains; long-lived radioiso-
topes 8°Kr, 136Xe, and '?*Xe; electron scattering from
solar neutrinos; 7-rays from detector materials; resid-
ual tritium and '#C from calibration; and !2°Xe and



127X e produced by neutron capture during NR calibra-
tions. The larger WS ROI introduces two additional ER
sources not discussed in Ref. [5]. First, WIMP search
data-taking is periodically interrupted by injections of
83mKy (t1/2 = 1.83 hr), resuming approximately 13 half-
lives after the conclusion of the injection. The residual
rate of 83™Kr in the science sample is constrained using
the observed decay rates in the intermediate period fol-
lowing the injection. Second, '2°T is a daughter of 12°Xe
that decays via electron capture plus electron or ~y-ray
emission. The decay of '° has a half-life of 59.4 d, but
it is efficiently removed by the purification system with
an effective half-life in LZ of t‘i% =3.6+0.2d [38]. The
rate of '2°I is derived from measured '2°Xe rates follow-
ing neutron calibrations.

Neutrons and neutrinos are sources of NR background.
Cosmic-ray-induced atmospheric neutrinos can produce
NR in the WS ROI via coherent elastic neutrino—nucleus
scattering (CEvNS). As in Ref. [5], the atmospheric neu-
trino recoil spectrum used in the background model is
calculated using the formalism of Ref. [39], and flux nor-
malizations and uncertainties follow the standard values
recommended in Ref. [30]. The shape of the neutron
background is derived by simulation of (a,n) activity in
detector materials, as described in Ref. [5]. The neutron
rate is constrained in the analysis solely by the veto de-
tectors, which have a total tagging efficiency for (c,n)
neutrons scattering in the TPC of 924+4%.

Isolated S1 events, predominantly from interactions
in charge-insensitive regions or pile-up of photoelectron
backgrounds, and isolated S2 events, typically from spu-
rious electron emission from the electrodes, can be coin-
cidentally paired, causing “accidental” events which do
not follow the typical ER band. We use the same frame-
work to model accidental backgrounds as described in
Ref. [5], drawing random pairs from isolated S1 and S2
pulse populations. The normalization is constrained us-
ing “unphysical drift time” events where the drift time is
greater than that of interactions near the cathode.

The final background in the model is from MSSI events,
or events in which a standard ER process deposits en-
ergy in two or more locations, with all but one being in
a “charge-dead” region where no ionization is collected.
The S1s merge together in time while the S2 of all but
one of the deposits is lost, creating an event that is more
NR-like. There are two main regions of zero charge collec-
tion that contribute to MSSI: the 13.75 cm deep layer of
LXe in the reverse field region (RFR) below the cathode,
where the charge is drifted towards the bottom shield
grid; and LXe within a few mm of the TPC wall where
inhomogeneous fields can drive ionization electrons into
the wall where they are absorbed. The dominant con-
tributors to these topologies are 2'*Pb decays in the LXe
and 7-rays originating from detector components (other
contributors are discussed in the Supplemental Material).

The leading ER background from 2'4Pb is a 3 decay to
the ground state of 2'Bi with no associated y-ray emis-
sion. The MSSI background comes from excited-state
decays, where the 8 particle deposits a small amount of
energy in the TPC and an associated «-ray interacts in
a charge-dead region. For ~-rays from detector compo-
nents, MSSI are caused by double scatters where one of
the interactions is in a charge-dead region. For these
two sources, wall MSSI have a high probability of being
promptly vetoed in the Skin or OD as the outgoing y-ray
can deposit energy in those locations.

Simulations of the detector radioactivity and 2'4Pb
events are used to derive the MSSI model. The rate of
detector radioactivity in the simulation is normalized by
radioassay results and validated by data as in Ref. [36].
The 2Pb MSSI rate is constrained in the same way as
the SS 21“Pb component. The final model combines both
sources of MSSI together. A prompt veto tagging effi-
ciency of 94 + 2% for MSSI in the WS ROI is derived
from the same simulation, again applied to both sources.
An additional uncertainty arises from the modeling of the
geometry of the charge-dead regions along the wall. The
simulation models the charge-dead regions as a scalloped
pattern extending up to 3 mm from the physical wall due
to field-shaping rings in the TPC wall, based on analy-
sis of wall populations and electrostatic modeling of the
electric field [40]. The charge-dead volume in the model
comprises 0.3% of the total active volume. To reflect the
uncertainty associated with the geometry of the charge
loss regions, we include a 100% uncertainty on the mod-
eled MSSI rate. As the wall MSSI rate is proportional to
the volume of the charge dead region in this regime, the
uncertainty encompasses a charge dead region covering
up to 0.6% of the active volume.

Probability density functions in {Sle, logio(S2¢)}
space for each of the background components and signal
models are created using the BACCARAT package based
on GEANT4 [41H44], with the tuned NEST v2.4.5 [34]
model providing the detector response. Exceptions are
83mKr  which is taken directly from calibration data,
and the accidentals model as noted above. The expected
numbers of events in the WS ROI for each background
are given in for the science sample.

Simultaneous fits of the science, prompt veto, and de-
layed veto samples are performed in the {Sle, log,,(S2¢)}
plane using an unbinned, extended maximum likelihood.
The normalization of each background model component
is included as a nuisance parameter in the fit; uncer-
tainties on the normalization are included as Gaussian
constraint terms except for neutrons from detector ma-
terials, which are constrained solely by the efficiencies as-
sociated with the prompt veto and delayed veto samples.
The MSSI, !27Xe, and v-rays from detector materials are
additionally constrained by the veto sidebands.

Following the recommendations in Refs. [30}, 45], the
analysis uses a Profile Likelihood Ratio (PLR), using



TABLE I. The expected and fitted numbers of events
in the science sample from all model components in the
220 d x 4.71 t exposure after all selections. The middle col-
umn contains the predicted number of events with uncertain-
ties as described in the text. Detector NRs are neutrons from
detector radioactivity, with the constraint provided solely
from the veto sideband. These uncertainties are used as con-
straints in a combined fit of the background plus signal model
to the data in the {Sle, log,,(S2¢)} plane. The result of the
fit for the 1000 GeV/c* L5, WIMP model is shown in the
right column, and the post-fit uncertainty on the total counts
includes correlations among the fitted parameters.

Source Expected Events Fit Result
Internal 8 decays 1341 £ 160 1340 £43

v ER 140.6 £ 8.4 140.3 £ 8.4
136% e 110.0+16.5 114.24+16.1
CH5T & ™C 55.3+3.1 55.2+3.1
124% e 21.0+6.3 22.6£5.0
SSmyy 17.145.1 17.0133
1251 8.9+2.7 9.842.3
Detector ERs 8.5+3.4 9.42‘%
Accidental coincs. 2.74+0.6 2.6+0.6
127X e 4 125Xe 1.5+0.3 1.240.3

(1.14£0.2) x 107" (1.1£0.2) x 107"
(5.740.6) x 1072 (5.7 +£0.6) x 1072
(4.944.9) x 107% (4.6758) x 1073

Atmospheric v
8B+hepv
MSSI

Detector NRs [0,0.118]
1000 GeV/c? WIMP - 1.0152
Total counts - 17134+ 39
Observed counts - 1710

a two-sided test statistic to assess the compatibility
between the data and a variety of signal hypotheses,
where we scan over mass or mass splitting for a par-
ticular Lagrangian or operator. The full model was val-
idated using Goodness of Fit (GoF) tests performed in
{S1e¢, log19(S2¢)} space and in one-dimensional projec-
tions of each axis. The tests were performed for each of
the three data samples, with none returning a p-value
below 0.05. More details on the fit and expectations for
the prompt veto and delayed veto samples are given in
the Supplemental Material.

Results - Driven by the event of interest noted ear-
lier, the p-value to reject the background-only hypothe-
sis is smaller than 1.3x1073 for a substantial subset of
the tested models, corresponding to a local significance
greater than 3o. shows the post-fit values of the
nuisance parameters for the £;, model, a representative
high-significance model. Figure[§]shows the science sam-
ple data and best-fit model in a 1D projection along the
median of the NR band, illustrating the increased ER-NR
separation with energy and the low background rate near
the event of interest. The local significance for all tested
models is shown in Tables[S7]and [S§|in the Supplemental
Material.

As we are evaluating the sensitivity to a large number
of models, a look elsewhere effect (LEE) correction [30] is

—— MSSI Internal -rays + ICs + ECs
Accidentals —— Model Total
—— Neutrino + Detector NRs -—=- 1000 GeV/c2 WIMP
—— Continuous ERs e Data
10%F .
Slc <250 phd
10'F o E

107 E

Events / bin width

102k (L] ]

Events / bin width

Events / bin width

-2 0 2
(log10(S2c) - unr)/oONR

FIG. 5. Comparison between the data in the science sam-
ple and the background model corresponding to the post-fit
values shown in in three Slc ranges. Also shown in
the dashed brown is the best fit 1000 GeV/c? £5, WIMP in-
teraction. The comparison is a projection of the deviation in
S2c¢ from the NR median at fixed Slc, normalized by the NR
band width, and binned in 0.5¢ bins. The data are plotted
at the center of each bin. The total integrated background in
the bottom panel is 0.0106 £ 0.0008 (sys) counts. The shaded
dark and light blue bands depict the systematic and statis-
tical uncertainties, respectively, with the latter calculated as
the standard deviation of a Poisson distribution with a mean
of the central value in the bin. Note that for very low Pois-
son mean pu, the coverage of the standard deviation is much
greater than 68%, approaching 1-u for p << 1.

calculated using datasets produced by toy Monte Carlo
simulations. The global p-value after the LEE correction
is 2.60. More detail on the LEE implementation is given
in the Supplemental Material.

We construct 90% confidence level intervals on all
tested models as a function of WIMP mass, with the
two example models shown in For £1 — Lag, the
quantity constrained is the interaction coupling param-
eter, dj, as a function of WIMP mass. For O; and Oy
the coupling strength limits are cast in the dimensionless
form (cl¥ x m2)?2, where m,, is the Higgs vacuum expec-
tation value [21I]. Given the observed local significance,
the lower limit is non-zero for some masses. The derived
upper limits set world-leading constraints on all models
tested. Confidence intervals for all models can be found
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FIG. 6. Two-sided 90% confidence-level intervals (solid-black)
of the dimensionless isoscalar WIMP-nucleon coupling. Top:
Inelastic OF for a 1000 GeV/c? dark matter mass, scanning
over mass splitting. Bottom: Elastic £jy, scanning over
dark matter mass. The lower limit lifts off from zero because
of the presence of the event of interest. The black dashed line
is the median sensitivity, and the green and yellow bands con-
tain 68% and 95% of expected upper limits given the best-fit
background model. Previous limits are shown in violet from
LZ 20, 29], red from LUX [46], and blue from PandaX [47].

in the Data Release.

Discussion — Given the 3o-level local significance, in-
creased scrutiny of the analysis is warranted. We discuss
here detector conditions around the event of interest and
additional details of key background topologies. Infor-
mation regarding analysis of the event waveform is given
in the Supplemental Material.

The event occurred in close proximity to a calibration
period. On 16 June 2023, an ER calibration source, ®”Co,
was deployed in a calibration source deployment (CSD)
tube [33] and removed 25 minutes before the event was
recorded. The source deployment was on the opposite
side of the detector from the event of interest. Used for
calibrations of the Skin, ®’Co emits primarily 122 keV
and 136 keV v-rays with a mean free path of less than 4
mm in LXe. The previous NR calibration, one of three
in the full dataset, was an AmBe deployment on 8 June
2023. The calibration data and the science data in the
periods around the event of interest were analyzed and

no anomalous populations were observed. The previous
observed muon in LZ occurred in the OD 41 minutes
before the event, with the previous muon in the TPC
occurring 127 minutes before. Other key detector pa-
rameters showed no abnormalities in the scintillation and
ionization responses of the detector in the temporal and
spatial vicinity of the interaction in question. LZ has
demonstrated the ability to tag events as being likely
214PY decays via a radon tag [48], but the tag cannot be
applied to the event of interest as it occurred while the
detector was in the mixed flow state [5].

Although most events in the WS ROI are from ER
backgrounds, discrimination against ER events improves
at higher energies with very little leakage predicted for
Slc > 250 phd, as illustrated in Electron capture
decays have increased recombination, and hence more S1
and less S2 relative to 8 decays [37]. '**Xe and '?°1
have double-vacancy decay modes releasing 64.3 keV and
67.3 keV of energy, respectively, similar to the recon-
structed energy of the event of interest if interpreted as
a pure ER. These decays are modeled following Ref. [37],
and there is a systematic uncertainty in projecting into
the tail of the distribution that we do not include in the
statistical inference. We note the lack of events between
the event of interest and the bottom of the ER band
in [Fig. 4]

In the region of {Slc, log19(S2¢)} space where the event
occurred, the dominant backgrounds are accidentals, at-
mospheric neutrinos, and MSSI events. While these pro-
cesses are able to produce a high energy NR-like inter-
action, such an event is generally in the tail of a larger
distribution. The potential for significant mismodeling
of these backgrounds is thus constrained by the lack of a
larger population in each case.

Accidental coincidences are expected to be most preva-
lent at low energies, and the accidentals model is well
tested in previous analyses [B, [49]. More detail can be
found in the Supplemental Material. While the flux of
atmospheric neutrinos carries some uncertainty, the co-
herent scattering neutrino interaction is well understood,
producing an approximately exponentially-decaying re-
coil spectrum with increasing energy. In addition, the
reconstructed energy of the event is not consistent with
scattering coherence.

The MSSI simulation is validated using a larger 5.4
tonne analysis volume, a higher energy sideband (HE SB:
800 < Slc < 1700 phd, 10*™ < S2¢ < 10*® phd),
and the prompt veto sideband. The 5.4 tonne analysis
volume uses the same z boundaries as Ref. [5] with a
radial boundary defined by requiring an expected wall
background count of less than (1.0 £ 0.5) x 1072 in the
3 —600 phd WS ROI; the radial boundary in Ref. [5] was
defined by the same criterion over the 3 — 80 phd ROI
used in that analysis. Events are categorized as wall- or
RFR-like, science or prompt veto, WS ROI or HE SB,
and in one of the two analysis volumes; excluding the



search space of the WS ROI in the 4.7 tonne FV leaves
12 bins of comparison. A binned Poisson likelihood chi-
square test across those 12 bins returns a p-value of 0.7,
indicating no inconsistency between model and data [50].
More detail on the MSSI model validation is provided in
the Supplemental Material.

Neutrons are generally considered the most likely cause
of NR interactions, and we explore three primary sources:
(a,n), spontaneous fission, and muon-induced cascades.
A neutron must have at least 8 MeV in order to impart
250 keV to a xenon nucleus in elastic scattering, and the
cross section for elastic scattering of neutrons on xenon
becomes highly forward peaked as the neutron energy
increases, leading to small energy depositions. Similar
to neutrinos and accidental coincidences, it is thus very
unlikely to observe a single recoil at this energy with-
out also observing several more events at lower energies.
This spectral information, in addition to the veto sys-
tems, provides a strong constraint in the statistical infer-
ence on the contribution of neutrons to the background
in the region of the event of interest. More details re-
garding spontaneous fission and muon-induced neutrons
are presented in the Supplemental Material.

Conclusion — This Letter reports results from the
LZ experiment exploring an extended nuclear recoil en-
ergy region of 5.4 to 270 keV, motivated by expected
recoil energy spectra for WIMP-nucleon interactions in
NREFT [I8]. After event and fiducial volume selec-
tion in a data sample corresponding to a 2.84 tonne-
year exposure, we observe one event consistent with an
elastic nuclear recoil interaction with a recoil energy of
248 + 23 (stat) £ 23 (sys) keV. The event can be de-
scribed by signal spectra predicted by several NREFT
Lagrangians or inelastic DM models, resulting in a global
significance of 2.60 and a maximum local significance of
3.40, typically for WIMP masses above 200 GeV /c?. Sev-
eral rare background processes and detector effects were
studied in detail but none could be identified as a likely
explanation for the event of interest. LZ has continued
to take data with the same electric field conditions since
1 April 2024.

Acknowledgements —~ The research  supporting
this work took place in part at the Sanford Under-
ground Research Facility (SURF) in Lead, South
Dakota. Funding for this work is supported by the
U.S. Department of Energy, Office of Science, Office
of High Energy Physics under Contract Numbers
DE-AC02-05CH11231,  DE-AC02-76SF00515,  DE-
AC52-07TNA27344, DE-SC0008475, DE-SC0010004,
DE-SC0010010, DE-SC0010072, DE-SC0011702,
DE-SC0012447, DE-SC0012704, DE-SC0014223,
DE-SC0015535, DE-SC0015910, DE-SC0018982,
DE-SC0019066, DE-SC0019193, DE-SC0020216,
DE-SC0025446, DE-SC0025629, DE-SC0026014, DE-
SC0026544. This research was also supported by U.S.
National Science Foundation (NSF) ; the UKRI’s Science

& Technology Facilities Council under award numbers

ST/M003639/1, ST/R003181/1, ST /W000466/1,
ST/W000490/1, ST/W000555/1, ST/W00058X/1,
ST/W000628/1,  ST/WO000636/1, ST/X00600X/1,
ST/X006050/1, UKRI2837, UKRI2840, UKRI2841,
UKRI2842, UKRI2843, UKRI2844, UKRI2847,
UKRI2851, UKRI2852; the Portuguese Foundation

for Science and Technology (FCT) under award number
PTDC/FIS-PAR/2831/2020; the Institute for Basic
Science, Korea (budget number IBS-R016-D1); the
Swiss National Science Foundation (SNSF) under award
number 10001549; the European Union’s research and
innovation programme Horizon Europe under the Marie
Sklodowska-Curie grant agreement No 101209429. This
research was supported by the Australian Government
through the Australian Research Council Centre of
Excellence for Dark Matter Particle Physics under
award number CE200100008. We acknowledge ad-
ditional support from the UK Science & Technology
Facilities Council (STFC) for PhD studentships and
the STFC Boulby Underground Laboratory in the
U.K., the GridPP [51l, 2] and IRIS Collaborations, in
particular at Imperial College London and additional
support by the University College London (UCL)
Cosmoparticle Initiative, and the University of Zurich.
We acknowledge additional support from the Center
for the Fundamental Physics of the Universe, Brown
University. K.T. Lesko acknowledges the support of the
Royal Society, the Wolfson Foundation, and Brasenose
College. This research used resources of the National
Energy Research Scientific Computing Center, a DOE
Office of Science User Facility supported by the Office
of Science of the U.S. Department of Energy under
Contract No. DE-AC02-05CH11231. We gratefully
acknowledge support from GitLab through its GitLab
for Education Program. Fermilab is managed by Fermi
Forward Discovery Group, LLC, acting under Contract
No. 89243024CSC000002. The University of Edinburgh
is a charitable body, registered in Scotland, with the
registration number SC005336. The assistance of SURF
and its personnel in providing physical access and
general logistical and technical support is acknowledged.
We acknowledge the South Dakota Governor’s office,
the South Dakota Community Foundation, the South
Dakota State University Foundation, and the University
of South Dakota Foundation for use of xenon. We also
acknowledge the University of Alabama for providing
xenon. For the purpose of open access, the authors
have applied a Creative Commons Attribution (CC
BY) license to any Author Accepted Manuscript version
arising from this submission. Finally, we respectfully
acknowledge that we are on the traditional land of
Indigenous American peoples and honor their rich
cultural heritage and enduring contributions. Their
deep connection to this land and their resilience and
wisdom continue to inspire and enrich our community.



We commit to learning from and supporting their effort
as original stewards of this land and to preserve their
cultures and rights for a more inclusive and sustainable
future.

[1] F. Zwicky, On the Masses of Nebulae and of Clusters of
Nebulae, |Astrophys. J. 86, 217 (1937).

[2] V. C. Rubin and W. K. Ford, Jr., Rotation of the An-
dromeda Nebula from a Spectroscopic Survey of Emission
Regions, Astrophys. J. 159, 379 (1970).

[3] D. Clowe, M. Brada¢, A. H. Gonzalez, M. Markevitch,
S. W. Randall, C. Jones, and D. Zaritsky, A direct em-
pirical proof of the existence of dark matter, Astrophys
J. 648, 1.109 (2006), arXiv:astro-ph/0608407.

[4] N. Aghanim et al. (Planck Collaboration), Planck 2018
results. VI. Cosmological parameters, Astron. Astrophys.
641, A6 (2020), [Erratum: Astron. Astrophys. 652, C4
(2021)], |arXiv:1807.06209 [astro-ph.CO]L

[5] J. Aalbers et al. (LZ Collaboration), Dark matter search
results from 4.2 Tonne-Years of exposure of the LUX-
ZEPLIN (LZ) experiment, [Phys. Rev. Lett. 135, 011802
(2025), |arXiv:2410.17036 [hep-ex].

[6] E. Aprile et al. (XENON Collaboration), WIMP Dark
Matter Search Using a 3.1 Tonne-Year Exposure of the
XENONnT Experiment, Phys. Rev. Lett. 135, 221003
(2025), [arXiv:2502.18005 [hep-ex].

[7] Z. Bo et al. (PandaX Collaboration), Dark Matter Search
Results from 1.54 Tonne- Year Exposure of PandaX-4T,
Phys. Rev. Lett. 134, 011805 (2025), larXiv:2408.00664
[hep-ex|.

[8] P. Adhikari et al. (DEAP Collaboration), Dark Matter
Search with the DEAP-3600 Detector using the Pro-
file Likelihood Ratio Method, | (2026), larXiv:2603.13965
[hep-ex].

[9] P. Agnes et al. (DarkSide Collaboration), Darkside-50
532-day dark matter search with low-radioactivity argon,
Phys. Rev. D 98, 102006 (2018), arXiv:1802.07198 [astro-
ph.CO].

[10] R. Agnese et al. (SuperCDMS Collaboration), Results
from the Super Cryogenic Dark Matter Search Experi-
ment at Soudan, Phys. Rev. Lett. 120, 061802 (2018),
arXiv:1708.08869 |[hep-ex].

[11] E. Armengaud et al. (EDELWEISS Collaboration),
Searching for low-mass dark matter particles with a mas-
sive Ge bolometer operated above ground, Phys. Rev. D
99, 082003 (2019), arXiv:1901.03588 [astro-ph.GA].

[12] A. H. Abdelhameed et al. (CRESST Collaboration),
First results from the CRESST-III low-mass dark
matter program, Phys. Rev. D 100, 102002 (2019),
arXiv:1904.00498 [astro-ph.COJ.

[13] C. Amole et al. (PICO Collaboration), Dark matter
search results from the complete exposure of the PICO-60
CsFs bubble chamber, Phys. Rev. D 100, 022001 (2019),
arXiv:1902.04031 [astro-ph.CO.

[14] J. D. Lewin and P. F. Smith, Review of mathematics,
numerical factors, and corrections for dark matter exper-
iments based on elastic nuclear recoil, |Astropart. Phys.
6, 87 (1996).

[15] M. W. Goodman and E. Witten, Detectability of Certain
Dark Matter Candidates, Phys. Rev. D 31, 3059 (1985).

10

[16] K. Griest, Cross-Sections, Relic Abundance and Detec-
tion Rates for Neutralino Dark Matter, Phys. Rev. D 38,
2357 (1988), [Erratum: Phys.Rev.D 39, 3802 (1989)].

[17] J. Fan, M. Reece, and L.-T. Wang, Non-relativistic effec-
tive theory of dark matter direct detection, |J. Cosmol.
Astropart. Phys. 2010 (11), 042, arXiv:1008.1591 [hep-
phll

[18] A. L. Fitzpatrick, W. Haxton, E. Katz, N. Lubbers,
and Y. Xu, The Effective Field Theory of Dark Matter
Direct Detection, J. Cosmol. Astropart. Phys. 02, 004,
arXiv:1203.3542 [hep-ph].

[19] X. Ning et al. (PandaX), Limits on the luminance of dark
matter from xenon recoil data, Nature 618, 47 (2023).

[20] J. Aalbers et al. (LZ Collaboration), Constraints on
Covariant Dark-Matter—-Nucleon Effective Field Theory
Interactions from the First Science Run of the LUX-
ZEPLIN Experiment, Phys. Rev. Lett. 133, 221801
(2024), arXiv:2404.17666 |[hep-ex|.

[21] N. Anand, A. L. Fitzpatrick, and W. C. Haxton, Weakly
interacting massive particle-nucleus elastic scattering re-
sponse, Phys. Rev. C 89, 065501 (2014), larXiv:1308.6288
[hep-ph].

[22] G. Barello, S. Chang, and C. A. Newby, A Model Inde-
pendent Approach to Inelastic Dark Matter Scattering,
Phys. Rev. D 90, 094027 (2014), arXiv:1409.0536 [hep-
phl

[23] D. Smith and N. Weiner, Inelastic dark matter, Phys.
Rev. D 64, 043502 (2001), arXiv:hep-ph/0101138.

[24] D. Tucker-Smith and N. Weiner, The Status of inelastic
dark matter, Phys. Rev. D 72, 063509 (2005), larXiv:hep-
ph/0402065.

[25] J. Bramante, P. J. Fox, G. D. Kribs, and A. Martin, In-
elastic frontier: Discovering dark matter at high recoil en-
ergy, Phys. Rev. D 94, 115026 (2016)} [arXiv:1608.02662
[hep-ph].

[26] P. W. Graham, H. Ramani, and S. S. Y. Wong, Enhanc-
ing direct detection of higgsino dark matter, Phys. Rev.
D 111, 055030 (2025)} arXiv:2409.07768 [hep-ph].

[27] T. Han and R. Hempfling, Messenger sneutrinos as
cold dark matter, Phys. Lett. B 415, 161-169 (1997),
arXiv:hep-ph/9708264.

[28] I. Jeong, S. Kang, S. Scopel, and G. Tomar, WimPyDD:
An object-oriented python code for the calculation of
WIMP direct detection signals, Comput. Phys. Commun.
276, 108342 (2022).

[29] J. Aalbers et al. (LZ), First constraints on WIMP-
nucleon effective field theory couplings in an extended
energy region from LUX-ZEPLIN, Phys. Rev. D 109,
092003 (2024)} larXiv:2312.02030 [hep-ex].

[30] D. Baxter et al., Recommended conventions for reporting
results from direct dark matter searches, Eur. Phys. J. C
81, 907 (2021), jarXiv:2105.00599 [hep-ex].

[31] D. S. Akerib et al. (LZ Collaboration), The LUX-
ZEPLIN (LZ) Experiment, Nucl. Instrum. Methods
Phys. Res. Sect. A 953, 163047 (2020)} arXiv:1910.09124
[physics.ins-det].

[32] B. J. Mount et al. (LZ Collaboration), LUX-ZEPLIN
(LZ) Technical Design Report (2017), arXiv:1703.09144
[physics.ins-det].

[33] J. Aalbers et al. (LZ Collaboration), The design, im-
plementation, and performance of the LZ calibration
systems, |J. Instrum. 19 (08), P08027, |arXiv:2406.12874
[physics.ins-det].


https://doi.org/10.1086/143864
https://doi.org/10.1086/150317
https://doi.org/10.1086/508162
https://doi.org/10.1086/508162
https://arxiv.org/abs/astro-ph/0608407
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://arxiv.org/abs/1807.06209
https://doi.org/10.1103/4dyc-z8zf
https://doi.org/10.1103/4dyc-z8zf
https://arxiv.org/abs/2410.17036
https://doi.org/10.1103/msw4-t342
https://doi.org/10.1103/msw4-t342
https://arxiv.org/abs/2502.18005
https://doi.org/10.1103/PhysRevLett.134.011805
https://arxiv.org/abs/2408.00664
https://arxiv.org/abs/2408.00664
https://arxiv.org/abs/2603.13965
https://arxiv.org/abs/2603.13965
https://arxiv.org/abs/2603.13965
https://doi.org/10.1103/PhysRevD.98.102006
https://arxiv.org/abs/1802.07198
https://arxiv.org/abs/1802.07198
https://doi.org/10.1103/PhysRevLett.120.061802
https://arxiv.org/abs/1708.08869
https://doi.org/10.1103/PhysRevD.99.082003
https://doi.org/10.1103/PhysRevD.99.082003
https://arxiv.org/abs/1901.03588
https://doi.org/10.1103/PhysRevD.100.102002
https://arxiv.org/abs/1904.00498
https://doi.org/10.1103/PhysRevD.100.022001
https://arxiv.org/abs/1902.04031
https://doi.org/10.1016/S0927-6505(96)00047-3
https://doi.org/10.1016/S0927-6505(96)00047-3
https://doi.org/10.1103/PhysRevD.31.3059
https://doi.org/10.1103/PhysRevD.38.2357
https://doi.org/10.1103/PhysRevD.38.2357
https://doi.org/10.1088/1475-7516/2010/11/042
https://doi.org/10.1088/1475-7516/2010/11/042
https://arxiv.org/abs/1008.1591
https://arxiv.org/abs/1008.1591
https://doi.org/10.1088/1475-7516/2013/02/004
https://arxiv.org/abs/1203.3542
https://doi.org/10.1038/s41586-023-05982-0
https://doi.org/10.1103/PhysRevLett.133.221801
https://doi.org/10.1103/PhysRevLett.133.221801
https://arxiv.org/abs/2404.17666
https://doi.org/10.1103/PhysRevC.89.065501
https://arxiv.org/abs/1308.6288
https://arxiv.org/abs/1308.6288
https://doi.org/10.1103/PhysRevD.90.094027
https://arxiv.org/abs/1409.0536
https://arxiv.org/abs/1409.0536
https://doi.org/10.1103/PhysRevD.64.043502
https://doi.org/10.1103/PhysRevD.64.043502
https://arxiv.org/abs/hep-ph/0101138
https://doi.org/10.1103/PhysRevD.72.063509
https://arxiv.org/abs/hep-ph/0402065
https://arxiv.org/abs/hep-ph/0402065
https://doi.org/10.1103/PhysRevD.94.115026
https://arxiv.org/abs/1608.02662
https://arxiv.org/abs/1608.02662
https://doi.org/10.1103/PhysRevD.111.055030
https://doi.org/10.1103/PhysRevD.111.055030
https://arxiv.org/abs/2409.07768
https://doi.org/10.1016/s0370-2693(97)01205-7
https://arxiv.org/abs/hep-ph/9708264
https://doi.org/10.1016/j.cpc.2022.108342
https://doi.org/10.1016/j.cpc.2022.108342
https://doi.org/10.1103/PhysRevD.109.092003
https://doi.org/10.1103/PhysRevD.109.092003
https://arxiv.org/abs/2312.02030
https://doi.org/10.1140/epjc/s10052-021-09655-y
https://doi.org/10.1140/epjc/s10052-021-09655-y
https://arxiv.org/abs/2105.00599
https://doi.org/https://doi.org/10.1016/j.nima.2019.163047
https://doi.org/https://doi.org/10.1016/j.nima.2019.163047
https://arxiv.org/abs/1910.09124
https://arxiv.org/abs/1910.09124
https://arxiv.org/abs/1703.09144
https://arxiv.org/abs/1703.09144
https://doi.org/10.1088/1748-0221/19/08/P08027
https://arxiv.org/abs/2406.12874
https://arxiv.org/abs/2406.12874

[34] M. Szydagis et al., A review of NEST models for lig-
uid xenon and an exhaustive comparison with other ap-
proaches, Front. Detect. Sci. Tech. 2, 1480975 (2024),
arXiv:2211.10726 |[hep-ex|.

[35] NEST Collaboration, Nest: Noble element simulation
technique v2.4.5 (2026).

[36] J. Aalbers et al. (LZ Collaboration), Background De-
termination for the LUX-ZEPLIN (LZ) Dark Mat-
ter Experiment, Phys. Rev. D 108, 012010 (2023),
arXiv:2211.17120 [hep-ex].

[37] J. Aalbers et al. (LZ), Measurements and models of
enhanced recombination following inner-shell vacancies
in liquid xenon, Phys. Rev. D 112, 012024 (2025),
arXiv:2503.05679 [hep-ex].

[38] J. Aalbers et al. (LZ), Two-neutrino double electron cap-
ture of ***Xe in the first LUX-ZEPLIN exposure, |J. Phys.
G 52, 015103 (2025), [Erratum: J.Phys.G 53, 059601
(2026)], |arXiv:2408.17391 [nucl-ex|.

[39] J. Billard, L. Strigari, and E. Figueroa-Feliciano, Impli-
cation of neutrino backgrounds on the reach of next gen-
eration dark matter direct detection experiments, Phys.
Rev. D 89, 023524 (2014)} [arXiv:1307.5458 [hep-ph].

[40] S. Dey, Electric fields and their implications in the LUX-
ZEPLIN time projection chamber, Ph.D. thesis, Univer-
sity of Oxford (2025).

[41] D. Akerib et al. (LZ Collaboration), Simulations of events
for the LUX-ZEPLIN (LZ) dark matter experiment,
Astropart. Phys. 125, 102480 (2021), arXiv:2001.09363
[physics.ins-det].

[42] S. Agostinelli et al. (GEANT4), GEANT4 - A Simulation
Toolkit, Nucl. Instrum. Meth. A 506, 250 (2003).

[43] J. Allison et al. (Geant4d Collaboration), Recent devel-
opments in Geant4, Nucl. Instrum. Methods Phys. Res.
Sect. A 835, 186 (2016).

[44] J. Allison et al., Geant4 developments and applications,
IEEE Trans. Nucl. Sci. 53, 270 (2006).

[45] G. Cowan, K. Cranmer, E. Gross, and O. Vitells, Asymp-
totic formulae for likelihood-based tests of new physics,
Eur. Phys. J. C 71, 1554 (2011), [Erratum: Eur.Phys.J.C
73, 2501 (2013)], arXiv:1007.1727 [physics.data-an].

[46] D. Akerib et al. (LUX Collaboration), Constraints on ef-
fective field theory couplings using 311.2 days of LUX
data, Phys. Rev. D 104, [10.1103/physrevd.104.062005
(2021), [arXiv:2102.06998 [hep-ex].

[47] J. Xia, W. C. Haxton, et al. (PandaX Collaboration),
PandaX-II constraints on spin-dependent WIMP-nucleon
effective interactions, Phys. Lett. B 792, 193 (2019),
arXiv:1807.01936 [hep-ex].

[48] J. Aalbers et al. (LZ), Flow-dependent tagging of
214Ph decays in the LZ dark matter detector, (2025),
arXiv:2508.19117 [physics.ins-det].

[49] D. S. Akerib et al. (LZ Collaboration), Searches for light
dark matter and evidence of coherent elastic neutrino-
nucleus scattering of solar neutrinos with the LUX-
ZEPLIN (LZ) experiment, laccepted to Phys. Rev. Lett.
(2026), [arXiv:2512.08065 [hep-ex].

[50] S. Baker and R. D. Cousins, Clarification of the use of
chi-square and likelihood functions in fits to histograms,
Nucl. Instrum. Methods Phys. Res. 221, 437 (1984).

[51] P. Faulkner et al., GridPP: development of the UK com-
puting Grid for particle physics, J. Phys. G 32, N1
(2005).

[52] D. Britton et al., GridPP: the UK grid for particle
physics, Phil. Trans. R. Soc. A 367, 2447 (2009).

11

[63] NEST Collaboration, Nest: Noble element simulation
technique v.2.4.0| (2023).

[64] Aprile, E. and Dahl, C. E. and de Viveiros, L. and
Gaitskell, R. J. and Giboni, K. L. and Kwong, J. and
Majewski, P. and Ni, K. and Shutt, T. and Yamashita,
M., Simultaneous Measurement of Ionization and Scintil-
lation from Nuclear Recoils in Liquid Xenon for a Dark
Matter Experiment, Phys. Rev. Lett. 97, 081302 (2006 ),
arXiv:astro-ph/0601552.

[65] Lenardo, Brian and Kazkaz, Kareem and Manalaysay,
Aaron and Mock, Jeremy and Szydagis, Matthew and
Tripathi, Mani, A Global Analysis of Light and Charge
Yields in Liquid Xenon, IEEE Trans. Nucl. Sci. 62, 3387
(2015), larXiv:1412.4417 [physics.ins-det].

[66] K. Fujii et al., High-accuracy measurement of the emis-
sion spectrum of liquid xenon in the vacuum ultraviolet
region, Nucl. Instrum. Methods Phys. Res. A 795, 293
(2015).

[57] D. S. Akerib et al. (LUX Collaboration), Liquid xenon
scintillation measurements and pulse shape discrimina-
tion in the LUX dark matter detector, [Phys. Rev. D 97,
112002 (2018), arXiv:1802.06162 [physics.ins-det].

[68] A. Hitachi et al., Effect of ionization density on the time
dependence of luminescence from liquid argon and xenon,
Phys. Rev. B 27, 5279 (1979).

[59] S. Kubota et al., Dynamical behavior of free electrons in
the recombination process in liquid argon, krypton, and
xenon, Phys. Rev. B 20, 3486 (1979).

[60] K. Abe et al. (XMASS), A measurement of the scintilla-
tion decay time constant of nuclear recoils in liquid xenon
with the XMASS-I detector, |J. Instrum. 13 (12), P12032,
arXiv:1809.05988 [physics.ins-det].

[61] D. S. Akerib et al. (LZ Collaboration), Pushing the lim-
its of pulse shape discrimination in a large liquid xenon
detector (2026), arXiv:2603.26877 [physics.ins-det].

[62] J. Aalbers et al. (LZ Collaboration), First Dark Matter
Search Results from the LUX-ZEPLIN (LZ) Experiment,
Phys. Rev. Lett. 131, 041002 (2023), arXiv:2207.03764
[hep-ex].

[63] D. S. Akerib et al. (LZ, LUX), Low-Energy Radon
Backgrounds from Electrode Grids in Dual-Phase Xenon
TPCs, (2026), arXiv:2602.21177 [hep-ex|.

[64] V. A. Kudryavtsev, Muon simulation codes MUSIC and
MUSUN for underground physics, Comput. Phys. Com-
mun. 180, 339 (2009), arXiv:0810.4635 [physics.comp-
phll

[65] H. Aratjo, V. Kudryavtsev, N. Spooner, and T. Sumner,
Muon-induced neutron production and detection with
Geant4 and FLUKA, Nucl. Instrum. Methods Phys. Res.
A 545, 398 (2005)}, arXiv:hep-ex/0411026.

[66] V.Pe¢, V. A. Kudryavtsev, H. M. Aratijo, and T. J. Sum-
ner, Muon-induced background in a next-generation dark
matter experiment based on liquid xenon, Eur. Phys. J.
C 84, 481 (2024), [arXiv:2310.16586 [hep-ex].

[67] H. Kluck et al. (CRESST), Latest results of CRESST-
IIl’s search for sub-GeV/c? dark matter, J. Phys. Conf.
Ser. 1468, 012038 (2020).

[68] E. Adams et al. (PICO), Search for inelastic dark matter-
nucleus scattering with the PICO-60 CF3I and C3F8
bubble chambers, Phys. Rev. D 108, 062003 (2023),
arXiv:2301.08993 [astro-ph.CO].

[69] E. Aprile et al. (XENON), Dark Matter Search Results
from a One Ton-Year Exposure of XENONIT, Phys.
Rev. Lett. 121, 111302 (2018), arXiv:1805.12562 [astro-


https://doi.org/10.3389/fdest.2024.1480975
https://arxiv.org/abs/2211.10726
https://github.com/NESTCollaboration/nest/releases/tag/v2.4.5beta
https://github.com/NESTCollaboration/nest/releases/tag/v2.4.5beta
https://doi.org/10.1103/PhysRevD.108.012010
https://arxiv.org/abs/2211.17120
https://doi.org/10.1103/447w-94h3
https://arxiv.org/abs/2503.05679
https://doi.org/10.1088/1361-6471/ad9039
https://doi.org/10.1088/1361-6471/ad9039
https://arxiv.org/abs/2408.17391
https://doi.org/10.1103/PhysRevD.89.023524
https://doi.org/10.1103/PhysRevD.89.023524
https://arxiv.org/abs/1307.5458
https://doi.org/https://doi.org/10.1016/j.astropartphys.2020.102480
https://arxiv.org/abs/2001.09363
https://arxiv.org/abs/2001.09363
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/https://doi.org/10.1016/j.nima.2016.06.125
https://doi.org/https://doi.org/10.1016/j.nima.2016.06.125
https://doi.org/10.1109/TNS.2006.869826
https://doi.org/10.1140/epjc/s10052-011-1554-0
https://arxiv.org/abs/1007.1727
https://doi.org/10.1103/physrevd.104.062005
https://arxiv.org/abs/2102.06998
https://doi.org/10.1016/j.physletb.2019.02.043
https://arxiv.org/abs/1807.01936
https://arxiv.org/abs/2508.19117
https://doi.org/10.1103/jvqf-njpj
https://doi.org/10.1103/jvqf-njpj
https://arxiv.org/abs/2512.08065
https://doi.org/https://doi.org/10.1016/0167-5087(84)90016-4
https://doi.org/https://doi.org/10.1088/0954-3899/32/1/N01
https://doi.org/https://doi.org/10.1088/0954-3899/32/1/N01
https://doi.org/https://doi.org/10.1098/rsta.2009.0036
https://github.com/NESTCollaboration/nest/tree/v2.4.0
https://github.com/NESTCollaboration/nest/tree/v2.4.0
https://doi.org/10.1103/PhysRevLett.97.081302
https://arxiv.org/abs/astro-ph/0601552
https://doi.org/10.1109/TNS.2015.2481322
https://doi.org/10.1109/TNS.2015.2481322
https://arxiv.org/abs/1412.4417
https://doi.org/https://doi.org/10.1016/j.nima.2015.05.065
https://doi.org/https://doi.org/10.1016/j.nima.2015.05.065
https://doi.org/10.1103/PhysRevD.97.112002
https://doi.org/10.1103/PhysRevD.97.112002
https://arxiv.org/abs/1802.06162
https://doi.org/10.1103/PhysRevB.27.5279
https://doi.org/10.1103/PhysRevB.20.3486
https://doi.org/10.1088/1748-0221/13/12/P12032
https://doi.org/10.1088/1748-0221/13/12/P12032
https://arxiv.org/abs/1809.05988
https://arxiv.org/abs/2603.26877
https://arxiv.org/abs/2603.26877
https://arxiv.org/abs/2603.26877
https://arxiv.org/abs/2603.26877
https://doi.org/10.1103/PhysRevLett.131.041002
https://arxiv.org/abs/2207.03764
https://arxiv.org/abs/2207.03764
https://arxiv.org/abs/2602.21177
https://doi.org/10.1016/j.cpc.2008.10.013
https://doi.org/10.1016/j.cpc.2008.10.013
https://arxiv.org/abs/0810.4635
https://arxiv.org/abs/0810.4635
https://doi.org/https://doi.org/10.1016/j.nima.2005.02.004
https://doi.org/https://doi.org/10.1016/j.nima.2005.02.004
https://arxiv.org/abs/hep-ex/0411026
https://doi.org/10.1140/epjc/s10052-024-12768-9
https://doi.org/10.1140/epjc/s10052-024-12768-9
https://arxiv.org/abs/2310.16586
https://doi.org/10.1088/1742-6596/1468/1/012038
https://doi.org/10.1088/1742-6596/1468/1/012038
https://doi.org/10.1103/PhysRevD.108.062003
https://arxiv.org/abs/2301.08993
https://doi.org/10.1103/PhysRevLett.121.111302
https://doi.org/10.1103/PhysRevLett.121.111302
https://arxiv.org/abs/1805.12562

ph.COJ.

[70] Y. Meng et al. (PandaX-4T), Dark Matter Search Results
from the PandaX-4T Commissioning Run, [Phys. Rev.
Lett. 127, 261802 (2021), larXiv:2107.13438 [hep-ex].

12


https://arxiv.org/abs/1805.12562
https://doi.org/10.1103/PhysRevLett.127.261802
https://doi.org/10.1103/PhysRevLett.127.261802
https://arxiv.org/abs/2107.13438

SUPPLEMENTARY MATERIAL

Data Samples and Salt

Figure [S1]shows the events passing all data selection criteria separated into the three samples used in the statistical
inference, plus a fourth sample showing the salt. The points in the delayed veto sample come primarily from random
coincidences of background pulses in the veto detectors with ER backgrounds in the TPC due to the long coincidence
window. The points in the prompt veto sample come primarily from v-rays interacting in the top corner of the TPC
and in the Skin detector (see Fig.|3). The bottom right panel shows the salt events, which appeared in the science
sample prior to unsalting. In addition to the seven salt events from Ref. [5], three new salt events appear in the
WS ROI, with a fourth just above. As discussed in the main text, the model used to generate the salt was tuned
before the AmBe calibration data set was obtained, and the salt events fall above the main signal region in brown.
Figure [S2] shows the signal detection efficiency as a function of NR energy.
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FIG. S1. The black points show the WIMP search data after all cuts in {Slc, logi0(S2c)} space with each panel showing a
different sample, including the salt (pink) in the bottom right. The dashed gray area indicates the WS ROI. The contours show
68% (solid) and 95% (dashed) containment regions for: a 1000 GeV/c? L§, interaction (brown), MSSI (dark blue), accidental
coincidences (yellow), combined ER backgrounds (light blue), and the detector NR background (green). The lower left panel
splits the ER contribution into ERs from detector materials (orange) and 2"Xe (magenta). Contours of constant recoil energy
are shown in gray. The science sample is the same data as those shown in [Fig. 4]

13



———T T T T T T T T T T T T T T T T
1.0 |
| Trigger
0.8 (r + S1 Threshold
+ SS & Data Analysis Cuts
—— +ROI
5 0.6
5 1,00 FEm T
é’ orsk I 50% Efficiency: ]
.75 = 1 —
5 04H F | 269.9 keV ]
r 1 ]
0.50 — —
£ 1 ]
02 025F ! 3
000 Lt 1Y .
250 260 270 280 290 300
0.0f~
o b e b e b e e b e b
0 50 100 150 200 250 300

Nuclear Recoil Energy [keV]

FIG. S2. Signal efficiency as a function of the NR energy from the trigger (blue); S1 threshold (orange); the SS reconstruction
and analysis cuts (green); and the WS ROI in Slc and S2c¢ (black). The high energy behavior is shown in the insert, where the
dotted line at 269.9 keV indicates the nuclear recoil energy at which the efficiency is 50%. The uncertainty (gray) is assessed
with *H, 22°Rn, and AmLi calibration data. The low energy behavior is shown in Fig. 2 of Ref. [5], crossing 50% efficiency at
5.4 keV.

Log-Likelihood Function and the Look Elsewhere Effect

The likelihood is defined as

Np+Nx

2
H POIS N; \,utom X H L <Msig, ( )fSlgz Te +Z,Ub7, sz xe )] H 9k ¢k|1/d>k) (3)

e— 1luotz

where NV; is the number of data events in the ¢th sample; poti is the expected number of events expressed as the sum
of the expected number of signal (usig,;) and background (up;) events and both are a function of 8, which expresses
the parameters of the model. The numbers of signal and background events in each sample are not independent
between samples, but are related with tagging efficiency (X) parameters. The vector Z. is the event coordinate
in {Slc, logio(S2¢c)} space. The functions fsg,; and f,; describe the probability density functions of the signal
and background components of the model. The g(¢y|7y,) term represents constraint functions on the rate of each
background component and the tagging efficiencies X, where vy defines any fixed parameters of the function.

Each background is constrained by a Gaussian function except for the detector neutrons, which are not given a
direct rate constraint. The neutron component is constrained by both the prompt veto and delayed veto by tagging
efficiencies Apnx and Apy, respectively. The prompt veto sample additionally constrains the MSSI component through
a tagging efficiency, denoted Ayssr, and single scatters from Detector ERs and 27Xe/!2°Xe through Apg.

Goodness-of-fit (GoF) tests were performed to study the compatibility of the background model with the data,
including one-dimensional projections on Slc and logyo(S2¢), and over a two-dimensional binning into bins containing
equal expectation values of 21.1, 5.6, and 7.7 for the science, prompt veto, and delayed veto samples, respectively.
All tests returned p-values above 0.05, and were thus considered acceptable. Pull-studies comparing the best-fit
parameters with the expected spread found that all parameters were pulled by less than 20 from their nominal values,
and no parameters were identified as being strongly correlated with the signal strength. The GoF tests support the
validity of the background model in the WS ROI, but because of their binned nature, they are not sensitive to single
outlier events such as the event of interest. Outlier-focused rejection tests if applied would also not have rejected this
event since it lies in the signal region where an analysis should not reject valid events.

A look elsewhere effect (LEE) correction is calculated for this analysis using toy Monte Carlo datasets, as described
in Ref. [30]. Toy datasets are generated from the background-only model and analyzed with the same procedure as the
real data. For each toy dataset, the smallest p-value from all of the models is recorded, and a probability distribution
of minimum p-values is generated. The minimum p-value for the real data is compared to this distribution to extract
a global p-value that quantifies how likely it is to observe a data set at least as extreme as the real data, given the
model space tested.
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The total LEE depends on the signal search space, and care was taken to span the full range of signal search space
while also not performing redundant calculations on very similar spectra. The space of models is chosen to cover all
of the isoscalar and isovector options L£1—Lsg using 13 logarithmically spaced dark matter masses from 10 to 4000
GeV/c?. The inelastic models include isoscalar and isovector options for O and Oy for 400 GeV/c?, 1000 GeV/c?,
and 4000 GeV/c? WIMP masses and eight mass splittings: 0, 50, 100, 150, 200, 250, 300, 350 keV. In total, there
are 616 models. However, the model space has some degeneracies, and as the LEE only depends on the number
of distinguishable spectra, these degeneracies have been exploited to reduce the computation time. Specifically, the
pairs £1 and L5; Lo and Lg; L3 and Li7; £4 and Log; and L£1; and Lq4 differ from each other only by a scalar
constant. In addition, for some models, the energy spectra for the isoscalar and isovector couplings of that model
are indistinguishable; this applies to Lagrangians Lo, L4, L7, Ls, L10, L11, L14, L15, L19, and Log and the inelastic
operator O,. Finally, for all of the Lagrangians, masses of 400 GeV/c? and above have nearly degenerate recoil
spectra, so only one mass (1000 GeV/c?) is kept. This procedure reduces the number of models to be tested to 293.

When reporting our results, we perform a raster scan over masses or masses and mass splittings as appropriate for
the Lagrangian or operator being tested. Our limits therefore show the best region of coupling strength for each mass
separately, and not a region optimized in coupling and mass simultaneously. We do not set an additional threshold
requirement on the local significance of any model to report a lower limit on the coupling strength in this scan.

Fit Results in Veto Samples

In this section we present the pre- and post-fit expectations in the prompt (Table S1) and delayed (Table S2)
samples for the best combined fit of the background model plus a 1000 GeV/c? L3, signal to the data.

TABLE S1. Prompt sample: The expected and fitted numbers of events from sources considered in the 220 d x 4.71 t
exposure. The middle column contains the predicted number of events with uncertainties as described in the text. These
uncertainties are used as constraints in a combined fit of the background model and a 1000 GeV/c? L5, WIMP signal to the
data. The result of the fit is shown in the right column.

Source Expected Events Fit Result
Internal 3 decays (1.3£02) x 107 ¢ (1.33+£0.04) x 10T
v ER (1.41 £0.08) x 1072 (1.40 4 0.08) x 1072
136Xe (1.140.2) x 1072 (1.14£0.2) x 1072
CH;T & '“C (5.5+£0.3) x 1072 (5.54+0.3) x 1073
124Xe (2.140.6) x 1073 (2.340.5) x 1072
S3myy (1.74£0.5) x 1073 (2.019:3) x 1072
1257 (8.94+2.7) x 1074 (9.84£2.3) x 107*
Detector ERs 62.2424.9 61.67152
Accidental coincidences (2.74+0.6) x 1074 (2.6 +0.6) x 107*
127Xe + 12°Xe 11.2424 7.74+2.1
Atmospheric v (1.140.2) x 107° (1.14£0.2) x 107°
8B+hepv (5.74+0.6) x 107° (5.740.6) x 107°
MSSI (7.7£7.7) x 1072 (7.1778) x 1072
Detector NRs - [0,0.07]

1000 GeV/c®> WIMP - (1.0157) x 107*
AbN (87+02)x10 " (87E0.1) x 10 T
APN (5.0 4+ 1.0) x 1072 (5.04£0.7) x 1072
Apc (8.840.2) x 107! (8.7+£0.2) x 107"
AMsst (0.94+0.2) x 107 ¢ (9.440.2) x 1071
Total counts - 69.4+11.7
Observed counts - 66

Details of the Detector Response modeling

During development of the detector response model, NEST v2.4.0 [53] was found not to reproduce the measured
ER-band widths across the full calibration energy range, due to inaccurate modelling of recombination fluctuations.
In NEST v2.4.0, 0, is a parameter controlling the component of recombination fluctuations that depends on the
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TABLE S2. Delayed sample: The expected and fitted numbers of events from sources considered in the 220 d x 4.71 t
exposure. The middle column contains the predicted number of events with uncertainties as described in the text. These
uncertainties are used as constraints in a combined fit of the background model and a 1000 GeV/c2 10 WIMP signal to the
data. The result of the fit is shown in the right column.

Source Expected Events Fit Result
Internal 8 decays 39.5+4.7 39.44+1.3

v ER 41402 41402

136Xe 3.2+05 3.4+05

CH3T & *C 1.640.1 1.640.1

124Xe 6.2+ 1.9) x 107+ 6.6+ 1.5) x 107+
83my 5.0+ 1.5) x 107+ 5.0+ 1.0) x 107+
1257 2.6+0.8) x 107+ 2.940.7) x 107+

Detector ERs
Accidental coincidences
127Xe + 125Xe
Atmospheric v

2.5+ 1.0) x 107+

4.541.0) x 1072
3.340.7) x 1073

2.8+0.5) x 107¢

3.4+ 0.9) x 1072
3.34+0.7) x 1072

( ( )
( ( )
( ( )
( ( )
(8.0+1.9) x 1072 (7.7+1.8) x 1072
( ( )
( ( )
( ( )
( ( )

8B+hepv 1.740.2) x 1073 1.740.2) x 1073
MSSI 1.4+1.4)x107* 1.3+1.0) x 107*
Detector NRs - [0,1.3]

1000 GeV/c? WIMP - (3.1133) x 107
ADN (8.7+£0.2) x 107! (8.7£0.1)x 107"
APN (5.0 £ 1.0) x 1072 (5.0£0.7) x 1072
Total counts — 50.4+2.0
Observed counts — 55

number of ions [34], modeled as a single skewed Gaussian. The discrepancy was resolved in NEST v2.4.5 [35], with
the final model parameterizing o, as the sum of two skewed Gaussian functions of the number of quanta, Vy:

w5 o () (527

=1 [

where = = log,((Vy), and A;, o, ui, and o; are the parameters of the skew-Gaussians. This modification provides
good agreement with the measured ER-band widths across the calibrated range. Tables [S3] and [S4] show the NEST
parameters used in the final ER model.

The NEST v2.4.0 model for nuclear recoils below 75 keV was well calibrated with DD neutrons for Ref. [49],
but including the higher-energy AmBe calibration data revealed a tension between the NR charge yield parameters
preferred by the DD and AmBe regions, preventing a consistent parameter set across the full energy range. In NEST,
the NR charge yields are governed by a power law with exponent p. To resolve the tension, NEST v2.4.5 introduces
a break in the power law such that p = 0.5 below a threshold energy Ej and follows a logarithmic energy dependence
above FEy,

p(E) =05+ aln[l + b (E — E)] . (5)

Here, a controls the overall suppression strength, and b controls how the suppression develops with recoil energy.
This treatment allows the low- and high-energy responses to be described within a unified NR model. Previous work
identified an abrupt change in the electronic stopping-power behaviour of xenon nuclear recoils [54] and a preference
for a larger value of the power-law exponent at high recoil energies [55], supporting the need for such a modification.
Table [S5| shows the NEST parameters used in the final NR model.

‘Waveform Analysis

The shapes of the S1 and S2 pulses can provide additional information about an event. Scintillation light in LXe
is produced from the decay of a metastable dimer Xe3, which exists in either a singlet or triplet molecular state with
lifetimes of 2 — 4 ns and 21 — 28 ns, respectively. ER and NR interactions populate the singlet and triplet states
with different ratios, with NRs having a higher proportion of singlet decays and therefore a faster S1, providing some
discrimination power between interaction types [56H6I]. In a TPC as large as LZ, the S1 shape also has a position
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TABLE S3. Model parameters for the NEST ER mean charge-yield model.

Parameter NEST Default at 97 V/cm Value in Analysis
my [keV ] 14.6 12.31
ma [keV™!] 77.3 84.91
ms [keV] 0.8 0.5707
my 2.1 2.804
ms [keV™!] 19.3 34.04
me [keV™!] 0 0
my [keV] 78.0 82.57
ms 4.3 4.557
mg 0.33 0.2207
mio0 0.08 0.1272

TABLE S4. Tuned parameters for the double skewed-Gaussian ER fluctuation model.

Parameter Value in Analysis
A 0.03174

11 2.588

o1 0.3627

a1 -0.3583

Ao 0.06211

w2 5.2

Iop) 1.359

s -2.599

dependence, with photons produced further from PMTs experiencing a broader distribution of propagation times
prior to collection. Unfortunately, the S1 pulse timing has limited discrimination power on an event-by-event basis
for events with Slc ~ 550 phd and the event of interest is generally compatible with both ER and NR populations.
Existing NR calibration data around 250 keV are limited, and there are no such calibration events within a few cm
of the event of interest. We find that AmBe calibration NRs with approximately 150 keV are not inconsistent with
an ER template built from !™Xe calibration data near the position of the event of interest, showing the lack of
event-by-event discrimination power.

The pulse timing provides more discrimination regarding the z-position of the event. Both ER and NR events near
the bottom of the detector have fast rise times because light can travel more directly to the bottom PMT array.
Examination of waveforms for a sample of events from below the FV near the cathode, where most RFR MSSI events
would be found, finds shorter rise times than all samples at the same depth as the event of interest. The waveform of
the event of interest is thus less consistent with that of a RFR MSSI than with a NR at the reconstructed position.

Pulse shapes can also inform the classification of an event as a single scatter event from near the reconstructed
position. Examination of the S2 shape of the event of interest finds consistency with a template for single-site
interactions around the same location generated from a selection of alpha decays. The partitioning of S1 between the
top and bottom PMT array (also known as the “top-bottom asymmetry”) for the event of interest is also consistent
with a selection of events from the same z. Examination of the S1 hit pattern across all the individual PMTs in the
PMT arrays finds consistency at the 20 level in z and 1o level in (z,y) with a selection of SS ER events of similar S1
size and location as the event of interest. Analysis of the S1 pattern shows inconsistency with an RFR MSSI template,
but this analysis could not distinguish between a single scatter at the reconstructed position of the event of interest
and a wall MSSI template.

Accidental backgrounds

The accidentals model is constructed in similar fashion to Refs. [5, 9]. A high statistics synthetic dataset is
generated from isolated S1 and S2 pulses that pass a minimal set of data quality selections. These S1 and S2 pulses
are paired at the waveform level to generate a sample of accidental coincidence events, containing pairs of pulses that
have either physical drift times (PDTs) or unphysical drift times (UDTs) depending on whether the apparent drift
time is shorter or longer than the drift time for events at the cathode.

The model is validated by comparing to the UDT population in data, as these are by definition accidental pairings
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TABLE S5. Model parameters for the NEST NR mean light- and charge-yield model. The parameters fi; and f2 control
the asymmetric low-energy turn-on of the charge and light yields, respectively. Parameters a, b, and Ey control the energy-
dependent modification of p.

Parameter NEST Default Value in Analysis
a [keV'/7) 11.0 11.2
1.1 1.1
v [(V/em)Y/?] 0.048 0.052
o -0.0533 -0.0533
e [keV] 12.6 10.8
¢ [keV] 0.30 0.53
n 2.0 1.4
0 [keV] 0.30 0.31
L 2.0 2.5
P 0.50 0.50
f1 1.0 1.39
fa 1.0 1.74
a NA 0.0230
b NA 0.0289
Ey [keV] NA 74.7

of S1 and S2 pulses. In the validation, the synthetic dataset of UDTs is normalized to the real UDT dataset before
applying pulse-based selections that specifically target accidental populations. For example, one pulse-based selection
ensures that the S2 pulse width matches the inferred drift time of the event. Model and UDT agreement is checked
as each cut is applied, and all comparisons are within 20%. After all cuts are applied, the normalized synthetic
model predicts 2.4 + 0.2 UDT events, with 3 remaining events in the UDT dataset. The left panel of shows
the {Slc, logy(S2¢)} distribution of the UDT model and UDT population at the normalization step, along with 1D
projections. The right panel shows the same distributions after all selections are applied. The good agreement is
taken to indicate that the PDT component is also well-modeled.
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FIG. S3. Probability density function in {Sle, log;,(S2¢)} space for the accidentals model compared to unphysical drift time
events in the data: (left) with initial loose data quality cuts when the model is normalized to the data and (right) after all cuts
targeting the accidental background. 1D projections of each axis are also shown with the blue band representing the combined
systematic and statistical uncertainty on the model. The blue and red regions represent the continuous ER background and
the best fit 1000 GeV/c? L5, WIMP model. After all cuts, the accidentals model predicts 2.4 # 0.2 events in the UDT dataset,
with 3 events observed.

Multiple-scintillation single-ionization (MSSI) events

The MSSI background is of interest as it can populate regions of {Sle, log;(S2¢c} space below the ER band, but
generally at reconstructed energies above those explored in Refs. [Bl [62]. The basic topology is that the S1 and S2
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of a typical ER are combined with an S1 from a second scatter in a charge dead region in the RFR or near the wall,
moving an ER event horizontally in the {Sle, log;,(S2¢} plane. Various combinations of scatters can result in MSSI,
including:

e 3 decay in the F'V with an associated «-ray depositing energy in a charge dead region before leaving the detector
e The inverse, where a 8 decays in a charge dead region and the y-ray scatters or photoabsorbs in the FV

e Compton scattering of a «y-ray emitted from detector components or internal radioactivity, with one scatter in
the F'V and one or more scatters in a charge dead region

e Decays of radon daughters or other isotopes that plate out on the cathode or TPC walls, such that a 3, «, or
NR is degraded by the relevant plateout surface with associated ~-rays interacting in the FV and/or RFR.

As described in the main text, the MSSI model is derived from simulations of detector materials and 2'*Pb decays
distributed throughout the LXe. Other distributed radioactive isotopes, including ?*Xe, 127Xe, 33Xe, 12°I were
simulated and shown to be subdominant. Low energy (< 1.5 MeV) ~-rays in general do not penetrate into the
analysis volumes without depositing more than 100 keV in the LXe. Radon plate-out on the cathode was studied
in Ref. [63] and found to have similar levels of activity as radioactivity in the cathode wires themselves, which are
already included in the detector materials. A concern in radon daughter plate-out is high energy ~-rays associated
with 214Bi, but a significant fraction of those will be observed with 2'4Po alpha decay. These contributions were
therefore not included in the MSSI model.

The MSSI simulation is validated with a 5.4 tonne analysis volume, events in a higher energy sideband to the
WS ROI (HE SB: 800 < S1,. < 1700 phd, 10>™ < S2¢ < 10*2 phd), and the prompt veto sideband. The 5.4 tonne
analysis volume uses the same z boundaries as Ref. [5] with a radial boundary defined by requiring an expected wall
background count of less than (1.0 4 0.5) x 1072 in the 3 — 600 phd WS ROI; the radial boundary in Ref. [5] was
defined by the same criterion over the 3 — 80 phd ROI used in that analysis. Figure [S4]shows the science and prompt
veto samples for both analysis volumes in {Slc, log1o(S2c)} space, and Figure [S5{shows 72 — 2 projections for the WS
ROI and the HE SB. shows the counts in the various subsamples used to validate the MSSI model. The
veto efficiency Aprss7 is much lower in the HE SB of the 5.4-tonne analysis volume than the 94 &+ 2% reported for the
main analysis, because the primary source of MSSI events in that sample is 2'4Pb RFR MSSI where the gamma is
fully contained in the RFR. The model shows good agreement with each subsample, including the division between
RFR and wall events; a binned Poisson likelihood chi-square test using the numbers in returns a p-value of
0.7 [B0). Figure [S6| further splits up the HE SB of the 5.4 tonne analysis volume into Wall and RFR components in
the science and prompt veto samples, with contours showing the 68% (solid) and 95% (dashed) containment of the
simulated MSSI model. The contours show broad agreement with the data, albeit with limited statistics.

In the HE SB, the dominant component of the science sample is predicted to be RFR events from 2!*Pb MSSI.
As a cross check, we deploy the radon tag [48]; 12 events occur in radon-tag-active periods, and 7 events are tagged,
consistent with the measured radon tagging efficiency of 60%. In the same HE SB, the veto sample is expected to be
dominated by detector radioactivity; the wall event and two of the RFR events are in radon-tag-active periods, with
one of the RFR events radon tagged. These findings support the overall compatibility of the model with the sideband
data.

Under the hypothesis that the event of interest is MSSI consisting of two ER deposits where the first scatter is
at the location of the event with S1 and S2 observed and the second scatter in a charge dead region with only S1
observed, the two scatters can be reconstructed. For an observed S2c of 9268 phd, the expected energy of the first
scatter is 12 + 2 keV with an expected Slc of 69 £ 17 phd, leaving approximately 471 phd for the Slc of the second
scatter. Interpreted as a wall MSSI event (assuming the same g7 as the bulk of the LXe), the second scatter would be
T7+7 keV. Interpreted as an RFR MSSI event (where the second scatter is in the high field of the RFR with suppressed
recombination), the second scatter would be 204753 keV. While we use event positions to determine whether or not
an event is in the FV, we do not use the position explicitly in the statistical inference. We note that it is unlikely for
any MSSI category to include a scatter with only ~12 keV of energy deposition more than 20 cm from the boundaries
of the TPC. Compton scattering of a high energy v-ray requires a very shallow scattering angle to deposit so little
energy, and thus the y-ray must traverse more than 60 cm through LXe without a second interaction. A low energy
~-ray is very unlikely to penetrate far enough to photoabsorb.
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FIG. S4. Samples used for validation of the MSSI model in {Slc, log10(S2c)} space: the 4.7 tonne FV used in this analysis
(top row), an increased analysis volume of 5.4 tonne (bottom row), science sample (left column), and prompt veto sample (right
column). The two green dashed boxes show the analysis regions for the comparison, with the WS ROI for the analysis at lower
S1 and the HE SB at higher S1. Counts that appear in the green boxes in the 4.7 tonne FV are shown in grey in the larger
5.4 tonne volume. The observed counts in each sample are compared to the model predictions in [Table S6]
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TABLE S6. Comparison of simulated and observed MSSI counts. The “WS ROI” is the WIMP search region of interest used
in the main analysis with “HE SB” referring to the higher energy sideband. “RFR” events fall close to the cathode and “wall”
events are higher in the TPC along the TPC walls. Two analysis volumes are shown, the 4.7 tonne fiducial volume used in the
main analysis and a 5.4 tonne analysis volume similar to that used in previous WIMP searches [5]; in this table, the analysis
volumes are disjoint, with the larger one including only counts outside of the nested inner FV. A binned Poisson likelihood
chi-square test excluding the data in the main analysis (WS ROI, 4.7 tonne FV) finds a p-value of 0.7, suggesting compatibility.

Simulated Observed Simulated Observed

MSSI  Analysis Vol.

Region . .
type (tonne) science science prompt prompt
WS ROI  Wall 4.7 0.0048 - 0.09 -
WS ROI  RFR 4.7 0.0001 - 0.10 -
WS ROI  Wall 5.4 0.03 0 0.1 1
WS ROI RFR 5.4 0.003 0 1.9 2
HE SB Wall 4.7 0.1 0 0.3 1
HE SB RFR 4.7 0.5 0 0.5 0
HE SB Wall 5.4 0.5 0 2.2 0
HE SB RFR 5.4 21.5 18 5.2 3
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FIG. S6. Data in the high energy sideband (HE SB) used for validation of the MSSI model in {Slc, log10(S2c)} space for the
5.4 tonne LXe analysis volume, split up by science sample (left column), prompt veto sample (right column), wall MSSI (top
row), and RFR MSSI (bottom row). The contours are the 68% (solid) and 95% (dashed) containment regions for MSSI of that
type in the relevant sample.
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Neutrons

The dominant neutron component comes from («,n) reactions in detector materials. Spontaneous fission neutrons
are included in the statistical inference although the rate is up to two orders of magnitude lower than («,n): the
high neutron and ~-ray multiplicity of spontaneous fission leads to a high probability of multiple interactions in the
LZ detectors [41]. As a cross-check, multiple scatter neutrons were analyzed to provide a secondary estimate for the
number of SS neutrons in the WS ROI, predicting 0.02+0.02.

Muon-induced cascades can produce neutrons of up to GeV energies that are likely to be aligned with the muon
direction. Simulations of 2.1x10° atmospheric muon events were generated using MUSUN [64], equivalent to 1200
years of LZ exposure, with no signal-like deposits seen. The muon simulations are validated against GEANT4 and
FLUKA neutron yields [65, 66], with an estimated uncertainty of a factor of 2. Additional simulations of neutrons
with energies ranging from 50 MeV — 1 GeV produced in rock were carried out to evaluate the tagging efficiency of
the veto system for the case when neither a muon nor any other secondary particle trigger any detector. This tagging
efficiency was found to be 80.0 + 4.0%. We set a 90% confidence level upper limit on the number of predicted SS
events of any energy from muon-induced neutrons of 4.6 x 104, and we do not include muon-induced neutrons in the
background model.

Interpretation of O; as a cross-section

This analysis was performed in the isoscalar and isovector basis. To enable comparison to SI cross-sections, the
constraints set on OF can be recast through

(cf x mp)* = 0§ ——", (6)

where m,, is the Higgs vacuum expectation value and y is the reduced mass of the WIMP-nucleon system. Figure [S7]
shows the recasting of OF assuming scalar coupling. These limits can additionally be converted to limits on the
cross-section for vector coupling by multiplying by a factor (A/((A — Z) — (1 — 4sin®6,,)Z))? ~ 3.2 (for Xe).
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FIG. S7. Two-sided 90% confidence-level intervals (solid-black) on inelastic DM-nucleon scattering cross sections assuming
scalar normalization. The black dotted line is the median sensitivity, and the green and yellow bands contain 68% and 95% of
expected upper limits given the best-fit background model. Previous limits are shown for CRESST-II (orange) [25 [67], PICO
(red) [68], Xenon-1T (green) [69], PandaX-4T (blue) [70], and LZ (violet) [29]. Limits with a star indicate the limit was derived
by the PICO collaboration [6§].
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Local significance

Table contains the local significance of the Lagrangian models tested, and Table shows the same for the O;
models. A minimum of 30,000 toy distributions were generated for each case. The toys are used to determine the
po value of the fit to our data, from Eq. 6 of Ref. [30]. The value in the table is the number of normal-distribution

standard deviations (one-sided) that correspond to the observed pg for each model and WIMP mass.

TABLE S7. Local significance for Lagrangian models tested

WIMP Mass (GeV/c?)

10 12 14 17 21 30 40 50 100 200 400 1000 4000
i 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
LY 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 1.3 1.2
3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.4 2.8 2.9 3.0 3.1
L3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.4 2.5 3.0 3.1 3.1
L3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.1 1.5 1.7 1.8
L3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 2.2 2.5 2.6 2.7
Lj 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 2.6 3.1 3.1 3.1 3.0
Li 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 2.7 3.1 3.2 3.1 3.1
5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.7 1.3 1.3
Lg 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.1 2.2 2.6 2.6 2.6
6 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 2.9 3.1 3.2 3.3 3.3
L7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.6 2.5 2.7 2.7 2.7
7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.6 2.3 2.7 2.7 2.8
Lg 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.3 2.8 2.9 3.0 3.0
Lg 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.4 2.9 2.9 3.0 3.0
L 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.1 2.9 2.9 3.0 3.1
9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.7 3.0 3.1 3.2 3.1
Lio 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.9 3.1 3.4 3.4 3.4
10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.0 3.2 3.3 3.4 3.4
i1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.5 3.0 3.1 3.2 3.2
11 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.5 2.9 3.1 3.2 3.2
o 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.4 3.1 3.2 3.2 3.3
12 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.5 3.0 3.2 3.2 3.2
13 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.0 2.4 2.5 2.6
13 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.0 2.8 3.0 3.0 3.0
14 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.5 2.9 3.0 3.1 3.1
14 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.5 2.9 3.0 3.1 3.1
5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.1 2.3 2.6 2.7 2.7
15 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0 2.4 2.6 2.7 2.7
6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.8 3.3 3.4 3.4 3.2
16 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.4 3.2 3.3 3.2 3.2
ir 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.1 1.6 1.8 1.8
17 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.1 2.5 2.6 2.7
s 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.2 2.9 3.1 3.1 3.1
1s 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.2 2.8 2.9 2.9 2.9
) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.2 2.9 3.0 3.0 3.1
1o 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.2 2.9 3.0 3.0 3.1
20 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 2.7 3.1 3.2 3.2 3.3
20 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 2.7 3.0 3.3 3.2 3.3

24



TABLE S8. Local significance for O; models tested. Dashed entries indicate that the observed event is not physical for those
WIMP mass and mass splitting combinations.

. 2 Mass-splitting, ¢ (keV)

Interaction Mass (GeV/c”) 0 50 100 150 200 250 300 350
400 00 00 0.8 2.2 2.6 2.0 2.0 -

08 1000 0.0 0.0 0.8 2.2 2.7 2.9 3.0 3.3
4000 0.0 0.0 1.0 2.3 2.7 2.9 3.0 3.3
400 0.8 14 26 2.8 2.8 28 31 -

oY 1000 1.3 1.6 2.6 2.8 2.9 3.0 3.4 3.4
4000 1.1 1.7 26 2.9 2.9 31 3.4 3.4
400 26 27 28 31 3.2 32 33 -

o 1000 27 28 2.8 3.0 3.2 3.2 3.4 34
4000 28 3.0 3.0 3.1 3.2 3.3 3.4 3.4
400 2.6 27 28 31 3.2 3.2 33 -

oy 1000 2.7 2.8 2.8 3.0 3.2 3.2 33 3.4
4000 28 3.0 3.0 3.1 3.2 3.3 3.4 3.4
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