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We report results from searches for new physics models through electron recoils using data collected by
the LUX-ZEPLIN experiment during its first two science runs, with a total exposure of 4.2 tonne-years.
The observed data are consistent with a background-only hypothesis. Constraints are derived for
electromagnetic interactions of solar neutrinos, solar axionlike particles (ALPs), mirror dark matter,
and the absorption of bosonic dark matter candidates. The inverse Primakoff process for >’Fe deexcitation
solar ALPs is considered for the first time. These results represent the most stringent constraints to date on
keV-scale Primakoff and >’Fe solar ALPs, bosonic dark matter, mirror dark matter, and neutrino
millicharge, while remaining competitive for the other signal models investigated.

DOI: 10.1103/wnxl-yf95

Dual-phase xenon time projection chambers (TPCs),
combining a low energy threshold, scalability to large
volumes, and ultralow background rates [1], have become a
cornerstone technology for experimental searches for rare
processes, particularly for the detection of weakly interact-
ing massive particles (WIMPs) [2-4], a well-motivated
dark matter (DM) candidate. While these detectors have
traditionally focused on nuclear recoil (NR) signals
expected from dark matter interactions [2—11], they also
provide excellent sensitivity to electronic recoil (ER)
signals [12-15]. This opens avenues to a broad spectrum
of new physics searches other than conventional WIMPs. In
this Letter, we report on searches for new physics scenarios
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that produce ER signals, using data collected by the
LUX-ZEPLIN (LZ) experiment. This analysis probes addi-
tional new physics models compared with previous LZ ER
studies [12] and is the first to apply the radon tagging
technique and to adopt a signal-dependent analysis and
statistical treatment for low-energy electron-recoil searches.

Axions are pseudoscalar Nambu-Goldstone bosons aris-
ing from the Peccei-Quinn mechanism introduced to solve
the strong charge-parity (CP) problem [16]. Axionlike
particles (ALPs) share similar couplings to standard model
(SM) particles but do not in general satisfy the mass-
coupling relation characteristic of QCD axions [17,18].
With effective tree-level couplings to photons, electrons, or
nucleons, ALPs can be produced in the hot solar-core
plasma through thermally driven processes, with character-
istic energies set by the keV-scale solar temperature. We
consider solar ALPs produced in the Primakoff conversion
induced by the photon coupling g,,, with dimension GeV~!
[19,20], ABC processes (atomic recombination and deex-
citation, bremsstrahlung, and Compton scattering) resulting
from the dimensionless electron coupling g,, [21-29], and
TFe nuclear deexcitation through the dimensionless effec-
tive nucleon coupling ¢, enabled by its low-lying
14.4 keV excited state that can be thermally populated in
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the solar core [30-32]. For Primakoff ALPs, we use the
mass-dependent solar flux of Ref. [33] and the inverse
Primakoff scattering cross section from the relativistic
Hartree-Fock treatment of Ref. [34]. Unlike previous
experimental studies, this search retains the mass depend-
ence in both the flux and the cross section model. For >’Fe
ALPs, we use the mass-dependent event rate from
Refs. [14,35,36], which is phase-space suppressed as m,,
approaches the excited state energy and vanishes above it.
The deposited-energy spectrum of 3’Fe ALPs is modeled as
a monoenergetic line at 14.4 keV. We consider both
axioelectric and inverse Primakoff interactions in xenon,
the latter being explored experimentally here for the first
time for solar ’Fe ALPs. For more details of the solar ALP
modeling, please see Sec. I of Supplemental Material [37].

We search for bosonic halo dark matter in the keV/c?
mass range [23]. Bosonic dark matter may be produced as
pseudoscalars (e.g., ALPs produced via the early-universe
misalignment mechanism [42,43]) or as vectors [hidden
photons (HP) [44,45] ], generated through similar dynam-
ics [46]. In such cases, bosonic DM may get absorbed by
atoms in the liquid xenon (LXe) bulk, producing ER-like
monoenergetic line signals via processes analogous to the
photoelectric effect [14,23,47]. For both cases, the absorp-
tion rate on electrons is evaluated using calculations in
Refs. [23,48], assuming a local dark-matter density of
0.3 GeV/cm? [49]. We note that the results depend on the
assumed local density and leave detailed discussion of the
modeling in Sec. II of Supplemental Material [37].

We study the mirror dark matter (MDM) model, which
represents a theoretically motivated framework for plasma
dark matter [50] by postulating an entire dark sector iso-
morphic to the SM [51]. In this model, the dark sector
interacts with SM matter via gravity and photon-mirror
photon mixing [52], which will lead to mirror electrons
scattering with electrons in LXe [50,53]. In this search, the
signal is modeled following Ref. [54], with the local mirror-
helium density taken to be 5.8 x 10~'! cm™3, consistent with
Ref. [53]. We also include the small time-averaged annual and
diurnal modulation of the mirror-electron event rate predicted
in this model. When averaged over the live time, this changes
the expected event rate by about 2%. For more details of
MDM, refer to Sec. III of Supplemental Material [37].

The last search in this analysis is the electromagnetic
interaction of solar neutrinos. Neutrinos do not couple to
photons at tree level. In the minimally extended SM, with
loop-level correction applied, the Dirac magnetic moment
is only of order 1072y, for O(0.1) eV neutrino masses,
while the neutrino millicharge remains zero [55,56]. Such
contributions are far below current detection sensitivity, so
any observable neutrino electromagnetic signal would
imply new physics, with a magnetic-moment interpretation
additionally bearing on the Dirac-Majorana nature of the
neutrino [57,58]. For such interactions from solar neutri-
nos, we use the flux from the standard solar model [59] and

the cross section from Ref. [60] with corrections from the
random-phase approximation [61] applied. More details are
provided in Sec. IV of Supplemental Material [37].

The data used in this search were collected during the
first two science runs of the LZ experiment: WIMP search
2022 (WS2022) [5] and WIMP search 2024 (WS2024) [2],
lasting from 2021 to 2024. The LZ experiment is located
4850 feet underground at the Sanford Underground
Research Facility (SURF) in Lead, South Dakota, USA.
At the center of the experiment is a dual-phase xenon TPC
containing 7 tonnes of active xenon [62] as the target
medium. To suppress radioactive backgrounds, the TPC is
surrounded by a 2-tonne LXe skin detector and a 17.3-
tonne gadolinium-loaded liquid scintillator outer detector
for y and neutron tagging, all within a 238-tonne ultrapure
water shield [62].

Particle interactions in the TPC produce prompt scintilla-
tion (S1) and ionization electrons; electrons drifting to the
liquid-gas interface under an electric field are extracted into
the gas phase and generate secondary electroluminescence
(S2) [5]. The S1-S2 time difference and S2 light pattern
provide three-dimensional (3D) position reconstruction, while
the S2/S1 ratio enables discrimination between ER and NR
events [63]. Spatial and temporal variations in S1 and S2 are
mapped with periodically injected monoenergetic ER sources,
including 3'™Xe and #¥™Kr [64], defining corrected observ-
ables Slc and S2c; both are expressed in detected photons
(phd), accounting for double-photoelectron emission [65,60].

Calibration campaigns are performed to study the
detector’s response to energy deposits from particle inter-
actions. Specifically, the detector’s response to ER events is
calibrated using 8 decays of tritiated methane (CH;T), '“C
[2,5], and ??°Rn [67]. The scintillation (g,) and ionization
(go) gains are obtained by tuning simulations generated
with the Noble Element Simulation Technique (NEST) [68]
to match calibration data, with additional constraints
from monoenergetic peaks. The best-fit results are g; =
0.114 £ 0.002 phd/photon and g, = 47.1 £ 1.1 phd/elec-
tron for WS2022 [5] and g; = 0.112 4 0.002 phd/photon
and g, = 34.0 £ 0.9 phd/electron for WS2024 [2]. The
different g, values mainly reflect the different operating
conditions of WS2022 and WS2024, especially the extrac-
tion field. As ER sensitivity depends weakly on ER/NR
discrimination, this configuration change does not signifi-
cantly impact LZ’s ER sensitivity.

The dominant contributor to the ER backgrounds in both
LZ science runs is the 8 decay of 2'“Pb with no coincident y
emissions. This isotope originates from 2?’Rn, which
emanates from detector materials and is dispersed into
the liquid xenon bulk, resulting in a measured fiducial
volume activity of 3.9 + 0.4 pBq/kg [2]. To mitigate this
background, a novel radon-tagging technique was devel-
oped to identify events with a high likelihood of being a
214Pb 3 decay and applied to the WS2024 dataset [69,70].
This is achieved by creating a slow and laminar xenon flow
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pattern in the central region of the TPC by adjusting the liquid
xenon circulation rate, cooling power, and temperature
gradients. Then the liquid velocity is mapped using coinci-
dent ?*’Rn-?"8Po a decay pairs, enabling tracking of the
movement of daughter atoms following the 2!®Po alpha decay.
In practice, a tag volume comoving with the 2'®Po daughter is
defined and lasts for three times the 2'“Pb half-life
(27 minutes), in which it is probable to find a 2'“Pb  decay.
Single scatter (SS) events that occur within this volume and
time window contribute to a 2'*Pb-rich dataset, containing
15% of the WS2024 exposure and approximately 60 + 4% of
the total >'*Pb activity [2]. The rest of the data, not being
tagged as >'%Pb, form a dataset with a lower effective 2!“Pb
activity of 1.8 + 0.3 pBq/kg. As part of the likelihood, the
radon-tagged events are also included in the final statistical
analysis as a sideband dataset to improve the ability to
constrain the tagging efficiency and other background con-
tributions. The tagging efficiency is left to float as a nuisance
parameter that scales the event rates in both the >'*Pb-rich and
214pb-poor datasets. Since >'“Pb is the dominant ER back-
ground, this subdivision gives the likelihood additional
leverage to constrain the leading background component
and thereby improves the sensitivity to ER signals.

Xenon electron capture (EC) and double electron capture
(DEC) decays also contribute to the ER background with a
smaller S2/S1 ratio than S decays because their higher
ionization density enhances recombination. Measurements
with neutron-activated '’Xe and '>Xe give the ratio
between charge yields of L-shell decay and tritium f decay,
Qk / Qg = 0.87 £ 0.03 [71], confirming suppressed charge
yield in EC. This suppression is incorporated in the back-
ground model. For '?*Xe DEC, LM captures involving one
L-shell and one M-shell electron (LM captures; 5.98 keV)
use a fixed factor of 0.87, while captures involving two
L-shell electrons (LL captures; 10.00 keV) are described by
a Thomas-Imel-motivated parameter floated in the fit [2,71—
73]. Other ER backgrounds include dissolved f emitters in
the LXe bulk, detector-material y Compton scatters, solar
neutrino-electron scatters, cosmogenic *’Ar with a 35-day
half-life at the beginning of WS2022, and residual CH5T and
14C from calibrations in WS2024 [1,74]. Additional sub-
dominant backgrounds from solar and atmospheric CEvNS,
detector NRs, and accidental coincidences are modeled as in
Refs. [2,5] and have negligible impact on the final result,
especially for one-dimensional (1D) absorptionlike analyses.

This analysis uses 280 live days of data, with a total
exposure of 4.2 +0.1 tonne-years, of which 0.9 tonne-years
are from WS2022 and the other 3.3 tonne-years are from
WS2024. A fiducial volume is defined for each science run
to suppress external backgrounds, and the fiducial mass for
both runs is 5.5 £0.2 tonnes [2,5]. The drift field was
reduced from 193 V/cm in WS2022 to 97 V/cm in
WS2024 to mitigate light emission in the skin detector.
Data selection criteria and acceptances are determined for

each run using a combination of calibration datasets and
simulations. For this work, we retain the same data
selection strategy as in Refs. [2,5], except for the region
of interest (ROI).

To reflect the characteristics of different signal models,
two ROI definitions are considered in this Letter. For all
signal models, events are required to satisfy S1c > 3 phd in
both science runs. The lower bound on uncorrected S2 size is
600 phd for WS2022 and 645 phd for WS2024, correspond-
ing to 10 and 14.5 extracted electrons, respectively. The solar
neutrino electromagnetic interaction and mirror dark matter
scattering are expected to create pure f-like recoils in LXe
due to their scattering nature, similar to solar neutrino weak
interactions with electrons in LXe [12,75]. The recoil energy
spectra of those events scale as dI'/dE, ~ 1/E, or 1/E?
because of the massless mediator, with most of the events

concentrated near the energy threshold. As those signals are
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FIG. 1. Total data selection efficiencies of the 1D ROI (black)
and 2D ROI (red), with uncertainties (shaded), in WS2022 and
WS2024 data. The 1D ROI is introduced in this Letter. The
trigger (blue), threefold coincidence and >3 phd on Slc (yellow),
single-scatter reconstruction and data analysis cuts (green)
efficiencies are also shown. The 1D ROI exhibits a slower
efficiency drop at higher energies, which can be attributed to
replacing the upper Slc bound of 80 phd with a requirement of
E... <20 keV. The true recoil energy distributions of solar ABC
ALP and °’Fe ALP events are also shown for comparison.
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nearly fully contained in the ROI of both the WS2022 and
WS2024 analyses, and the detector response to f-like recoils
is well understood through CH;T calibrations, we follow
Refs. [2,5] and set the ROI upper bound as Slc < 80 phd,
and we perform the analysis in the two-dimensional (2D)
(Slc, S2¢) observable space for maximal consistency. We
refer to this ROI as the 2D ROI henceforth.

For solar ALPs and bosonic DM, detection in LXe relies
either on absorption of an exotic particle analogous to the
photoelectric effect [23] or the photoelectric effect of the
inverse Primakoff photon. Previous studies found that
photoelectric absorptions, albeit conserving total energy,
display a different partition between light and charge yields
[68]. As there is no pure photon calibration available below
20 keV, it is difficult to construct a reliable signal model for
such processes in the traditional (Slc, S2c) space. Given
this limitation, we model signal and background and
conduct statistical inference in the reconstructed energy
E... space, following the treatment in earlier experimental
studies [13,14]. The 3'Fe signals are at 14.4 keV, at which
energy the WIMP analysis selection efficiency has begun
to roll off due to the Slc < 80 phd bound of the 2D ROL.
To increase signal efficiency for >’Fe and heavy bosonic
DM signals, we replace the Slc upper bound with an

TABLE 1.

E... <20 keV boundary. In practice, this is implemented
through requiring W, [(Slc/g;) + (S2¢/g,)] < 20 keV,
where W, = 13.5 eV [63,76,77] is the work function of
xenon. Hereafter, we refer to this as the 1D ROI.

The trigger efficiency, SS reconstruction efficiency, and
analysis-cut acceptances are evaluated using calibration
data together with simulations validated against those data.
The impact of the ROI definitions, particularly the high-
energy roll-off, is modeled using the same tuned simu-
lations. Figure 1 illustrates the cumulative impact of
different data selection stages on the ER signal efficiency
as a function of true energy in both ROI settings, for
WS2022 and WS2024, respectively. The uncertainty is
evaluated from the statistical uncertainty and the difference
between datasets, as in Refs. [2,5]. The true energy spectra
for each physics signal and background component, except
for accidentals, are passed through the LZ parametric
simulation chain [78] based on NEST-2.4.0 [68] to create
simulation datasets. The data selection efficiencies are
applied to simulations to create probability distribution
functions (PDFs) in the desired observable space as inputs
for statistical inference.

To mitigate analyzer bias, LZ injected synthetic “salt”
events at random times into the dataset during data taking.

Background-only fit results for the WS2022 (top) and WS2024 (bottom) datasets, for both the 1D and 2D ROIs. The

WS2024 ER backgrounds are grouped according to how their rates are affected by radon tagging. In the 1D ROI introduced in this
Letter, the detector NR and neutrino CEVNS backgrounds are not included due to negligible rates and lack of discrimination.

1D ROI (new) 2D ROI
Source Expectation Fit result Expectation Fit result
WS2022 pdecays + Detector ys 305 £50 336 £ 20 215 £36 222 £ 16
Solar v ER 380+£23 38.1+£23 27.1+1.6 272+1.6
136Xe 208 272 +44 27.8 4.3 151+24 152424
127X e + 125Xe EC 9.24+0.8 9.34+0.8 9.24+0.8 934+0.8
124¥e DEC 50+£1.4 50+£1.4 50+£1.4 52+14
YTAr [0, 288] 476 +£94 [0, 288] 52.7+9.4
Accidental coincidences 1.24+0.3 1.24+0.3 1.2+0.3 1.24+0.3
Det NR . .. e 0-07f8f§9
Solar ®B NR 0.14 +0.01 0.14 +0.01
Total 464 £+ 23 333+ 19
WS2024 2l4pb p 1099 £ 130 1096 =+ 46 743 + 88 733 £ 34
8Kr + 3°Ar + Bs + Detector ys 237433 236 + 31 162 + 22 161+ 21
Solar v ER 151 +£9.0 151 £9.0 102 £ 6.1 102 6.1
136Xe 2upp 107 =16 108 16 55.6 8.4 55.8 8.2
218pg + 212pp s 92.1 £11.0 93.1 £10.9 62.7+7.5 63.6 + 7.4
3H + 4C 61.2+34 629+34 583433 59.7+3.3
124%e DEC 20.0 £4.0 19.8 £4.0 194 +3.9 214+3.6
127X e + 125Xe EC 32+0.7 2.8+0.6 32407 2.74+0.6
Atmospheric v NR 0.12 £0.02 0.12 +0.03
Solar 3B + hep v NR 0.06 £ 0.01 0.06 £+ 0.01
Det NR . . e 0.0+0A2
Rn S tagging efficiency 0.60 £ 0.04 0.62 +0.02 0.60 £ 0.04 0.62 +0.02
Total 1773 £ 136 1754 £+ 60 1210 £ 91 1202 £ 42
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All of the salt events in these runs were designed for WIMP
searches, hence NR-like; no salt was introduced specifically
for this ER search. While the region corresponding to the 2D
ROI had already been unsalted for the analysis presented in
Ref. [2], the energy-only 1D ROI used here extends outside
that previously unsalted region and could therefore still
contain higher-energy NR-like salt. The region between 1D
and 2D ROI bounds was kept salted during the development
of this work and was unsalted only after all analysis choices
were frozen. No additional salt events were found.

Both the 1D and 2D background-only fits show good
agreement between the postunsalting data and the back-
ground model, with goodness-of-fit p values of 0.80 and
0.24, respectively. The 2D analysis incorporates detector
neutron and neutrino CEvNS backgrounds, which in the 1D
case can be effectively absorbed into the ER background
sources due to their small event rates. The yield parameter
for LL captures is allowed to vary in the 2D fits but is fixed
in the 1D case since charge suppression has little impact on
the 1D analysis. The pre and postfit event rates of different
background components considered in the 1D and 2D fits
are given in Table L.

As the background-only fits show good compatibility
with observation, we follow conventions set in Ref. [79] to
set upper limits for the signal models using a two-sided
profile likelihood ratio (PLR) approach. The dataset after
unsalting and best fit to the background-only model are
shown in Fig. 2. The PLR test statistics [80] are evaluated
using energy-only 1D PDFs for the solar ALPs and bosonic
dark matter absorptions, while 2D PDFs in (Slc, S2c) are
used for the mirror DM and solar neutrino electromagnetic
interactions. The sensitivity and power-constrained
observed upper limits of the models tested are shown in
Figs. 3 and 4.

This analysis sets stringent constraints across multiple
physics searches. We obtain an upper limit of g,, < 1.8 x
102 for the dimensionless ALP-electron coupling, which
is a 15% improvement over leading terrestrial constraints
[13,14]. The limit on ALP-photon coupling is
Gayy < 3.5x 1071 GeV~!, providing the most stringent
constraints to date for ALPs with masses of ~1 eV/c? and
above and improving upon previous leading constraints by
30% [13,14]. Our sensitivity extends above m, =
1 keV/c? due to the newly introduced mass-dependent
Primakoff flux [33] and cross section [34]. The upper limit
on the ’Fe deexcitation ALP event rate in LXe is 14 events
tonne~! year™!, 30% improvement over previous con-

straints on g,, g, [13,14]. This leads to the most stringent

constraints on g,, gflf,f, and the first experimental constraints

eff
on gayygaN .

For solar neutrino electromagnetic interactions, we set
the magnetic moment constraint on y, < 8.3 x 1072, a

70 5"Fe ALP 136X

WS2022

Solar v weak

—=~ Solar v,
B [ decays + det. ER e STAr

1240 4 Data

Events [keV ']

"Fe ALP
— == Solar v p, 136X e
2l1pp Solar v weak
85Kr + % Ar + det.ys PH+C
218p 4 212p}, Data

WS2024

12-’1)(e

Events [keV 1]
g

S~

50 75 100 125 150 175 200
Reconstructed Energy [keV]

FIG. 2. LZ WS2022 + 2024 data (black dots) and best-fit
background-only model (colored histogram) using the 1D like-
lihood. The region above 15 keV is reported publicly for the first
time in this Letter. Simulated spectra for two representative
signals, solar neutrino magnetic moment with p, =
2.8 x 107"y, (magenta) and °’Fe solar ALPs with m, =
1 meV/c? and g, g% = 6.1 x 10718 (cyan), are overlaid for
comparison. A fit in the WIMP search 2D ROI gives a very
similar background-only description and is presented in Ref. [2].

factor of two stronger than our WS2022 result [12].
This improvement is driven primarily by the larger com-
bined exposure of the WS2022 + WS2024 dataset and
introduction of the radon-tagging technique. We also set
the current leading limit on the neutrino millicharge,
8p < 1.6 x 107" ¢. The mirror dark matter temperature
above Tpy = 0.29 keV is excluded; in terms of kinetic
mixing, we set € < 4 x 1072 for the photon-mirror-photon
kinetic-mixing parameter at Tpy = 0.5 keV, which sur-
passes the previous best [53] by 10%. Finally, our bosonic
DM absorption limits are comparable with the leading
constraints reported in Ref. [13], complementary to the
astrophysical constraints on ALP-electron coupling derived
from x-ray and y-ray observations [84] and the constraints
on the mixing strength between hidden photons and
photons from stellar bounds [85].

Overall, the sensitivity of this analysis is slightly stronger
than those of XENONNT and PandaX-4T [13,14]. While
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FIG. 3. Sensitivities and power-constrained 90% C.L. limits on new physics models tested using 1D statistical inference: (a) ABC

solar ALP, (b) Primakoff solar ALP, (c) 3’Fe solar ALP electron coupling, (d) ’Fe solar ALP photon coupling, (¢) ALP DM, and
(f) hidden photon (HP) DM. For the LZ results, the solid black curves show the reported observed power-constrained 90% C.L. limits
upper limits, the dashed black curves show the median expected sensitivities, and the dotted black curves in panels (e) and (f) show the
upper limits obtained without applying the power constraint. The green (yellow) bands indicate the central 68% (95%) ranges of the
expected sensitivities under the background-only hypothesis. Selected constraints from terrestrial experiments [12—-14,35,81-83] and
astrophysical observations [84—-87], together with the regions allowed by two benchmark QCD axion realizations, KSVZ [88] and DFSZ

[89], are also shown for comparison.

this search benefits from a larger total exposure and radon
tagging, the higher overall ER background rate than
XENONNT partially offsets these advantages. The relative
strength of the observed limits does not follow a uniform
pattern across models, but instead depends on the signal’s
spectral shape and, consequently, on fluctuations in the
local data in the relevant energy region.

The introduction of radon tagging has improved LZ’s
sensitivity to ER signals. Fits to toy datasets indicate that
incorporating radon tagging reduces the median upper
limits on signal events by approximately 10%-25% and
the median sensitivities to a similar extent. The improve-
ment is smaller than the tagging efficiency because the
tagging efficiency carries a systematic uncertainty, origi-
nating mainly from the 2'“Pb branching ratio [70]. As a
result, the upper limits derived from observed data typically
improve by about 5%—10%, with the exact gain depending
on the signal’s spectral shape and underlying physics,
particularly the exponent with which the reported model
parameter enters the expected signal rate. The only excep-
tion is the 3’Fe solar ALPs, for which the observed upper
limit with radon tagging is slightly weaker. This is

consistent with a modest local upward fluctuation in the
reconstructed-energy spectrum around 14.4 keV, visible in
Fig. 2 as the data lie slightly above the background-only
model in the region where the >’Fe signal template peaks.
More importantly, this work demonstrates that xenon
TPCs are powerful probes of new physics in the ER
channel. With the development of radon background
control techniques [70,96] and the scaling up of exposure,
their reach for keV-scale electron-coupling new physics
will continue to improve. Based on next-generation base-
line designs [97] and the Asimov median significance
defined in Ref. [80], we expect the sensitivity to improve by
O(10) in terms of event rate, leading to a factor of ~3
improvement for models whose rates are quadratic in the
coupling and ~2 for models with quartic coupling depend-
ence. A more detailed sensitivity calculation for next-
generation xenon-based experiments is left to future work.
Nevertheless, with these advancements, significant new
parameter space for solar ALPs and MDM can be explored,
and the sensitivity to the neutrino magnetic moment will
become comparable to current astrophysical constraints.
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FIG. 4. Sensitivities and 90% C.L. limits on the new physics models tested using 2D statistical inference: (a) mirror dark matter,
(b) solar neutrino magnetic moment, and (c) millicharge. Constraints from terrestrial experiments [13,47,53,90-93] and astrophysical
observations [94,95] are also shown. The black curves and colored bands follow the same plotting conventions as in Fig. 3.

In conclusion, we have searched for ER signals indica-
tive of new physics using the combined dataset from the
first two science runs of the LZ experiment. Finding no
significant excess above the background model, we set
stringent limits on various signal hypotheses, due to a
combination of a low background rate, large exposure, and
the introduction of the radon tagging technique. The results
provide the strongest constraints on Primakoff and >’Fe
deexcitation ALPs, solar v millicharge, and mirror dark
matter, while the constraints on ABC solar ALPs, solar
neutrino magnetic moment, and bosonic dark matter
absorption remain highly competitive. These results further
establish low-energy ER searches in liquid xenon TPCs as a
competitive avenue for probing new physics, and we expect
further gains from larger exposures and improved back-
ground control.
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