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Searches for dark matter with liquid xenon time projection chamber experiments have traditionally

focused on the region of the parameter space that is characteristic of weakly interacting massive particles,

ranging from a few GeV=c2 to a few TeV=c2. Models of dark matter with a mass much heavier than this are

well motivated by early production mechanisms different from the standard thermal freeze-out, but they

have generally been less explored experimentally. In this work, we present a reanalysis of the first science

run of the LZ experiment, with an exposure of 0.9 tonne × yr, to search for ultraheavy particle dark matter.

The signal topology consists of multiple energy deposits in the active region of the detector forming a

straight line, from which the velocity of the incoming particle can be reconstructed on an event-by-event

basis. Zero events with this topology were observed after applying the data selection calibrated on a

simulated sample of signal-like events. New experimental constraints are derived, which rule out

previously unexplored regions of the dark matter parameter space of spin-independent interactions

beyond a mass of 1017 GeV=c2.

DOI: 10.1103/PhysRevD.109.112010

I. INTRODUCTION

The astrophysical evidence for the existence of dark

matter (DM) is widespread [1–3]. Despite the abundance of

indirect evidence manifested through the gravitational

effects of dark matter on luminous matter, its nature

remains elusive [4,5]. New particles have been invoked

to explain this puzzle, with the weakly interacting massive

particle (WIMP) and the QCD axion being two of the most

popular candidates [6,7]. However, searches for these two

particles have so far come back empty-handed [8,9].

The LZ experiment recently set the most stringent limit

on the spin-independent DM-nucleon cross section in its

first WIMP search run [10]. The LZ experiment is located

on the Davis Campus at the Sanford Underground Research

Facility in Lead, South Dakota (U.S.). It employs a large,

*
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dual-phase time projection chamber (TPC) of approxi-

mately 1.5 m in diameter and height, containing seven

active tonnes of liquid xenon (LXe). It features two

additional detectors: an instrumented “skin” of LXe used

to veto γ-ray and neutron interactions around the active

region, and an outer detector (OD) surrounding the TPC

that is highly efficient at tagging neutrons and γ rays

escaping the TPC. A full description of the LZ experiment

can be found in Ref. [11].

In the present work, we consider the search for ultra-

heavy dark matter particles with the LZ experiment using

the same dataset that was used to search for WIMPs in

science run 1 (SR1) [10] with an overall exposure of

0.9 tonne × yr. Several mechanisms to create such heavy

particles in the early Universe have been proposed [12,13].

For example, the unitary limit imposed on particles

produced by thermal freeze-out can be circumvented with

composite dark matter models in which light constituents

fused together relatively late in the history of the Universe

[14–20]. Astrophysical constraints on high-mass dark

matter interactions with nuclei exist, but they are rather

weak, arising mainly from observations of gas clouds [21],

cosmic rays [22,23], white dwarf explosions [24], and

ancient mica [25].

As opposed to WIMPs, particles in the high-mass region

of the parameter space lose only a small fraction of their

energy with each scattering interaction with Standard

Model particles. In addition, they are likely to scatter

several times inside a detector, creating a tracklike event.

These particles are commonly known as multiply interact-

ing massive particles (MIMPs) [26]. At the astrophysical

level, MIMPs are expected to act as collisionless, pointlike

particles, likewise WIMPs [27]. A few experimental

searches for MIMPs already exist [28–33], but they are

noticeably small in number compared to WIMP searches.

The paper is organized as follows: in Sec. II we describe

the main features of a MIMP interaction in the LZ experi-

ment. We present the data selection in Sec. III, discuss the

main findings in Sec. IV, and conclude in Sec. V.

II. SIGNAL TOPOLOGY

A single scatter (SS) in the active region of the TPC

results in a prompt scintillation signal in the liquid phase

(S1) and a secondary proportional scintillation signal in the

gaseous phase (S2). The second light signal is created via

electroluminescence from ionization electrons that are

drifted through the liquid by an applied electric field and

subsequently extracted to the gaseous phase. These light

signals are observed by two arrays of photomultiplier tubes

(PMTs) located at the top and bottom of the TPC. The

integrated waveform area is reported in photons detected

(phd) at each PMT. The location of an energy deposit in the

TPC is reconstructed from the time difference between the

S1 and S2 signals (z coordinate) and the spatial distribution
of the S2 signal in the top PMTarray (x and y coordinates).

In the region of the DM parameter space explored in the

search for WIMPs by LZ in Ref. [10], with masses around

100 GeV=c2 and WIMP-nucleon interaction cross sections

of the order of 10−47 cm2, the flux of transits of dark matter

across the detector is relatively high, but the probability that

any given transit results in a single scatter is very low. By

contrast, in the region of high mass (> 104 GeV=c2) and

high cross section (> 10−31 cm2) of the dark matter

parameter space, the expected flux of dark matter transits

is heavily reduced due to the low DM number density, but

each of them is expected undergo multiple scatters (MSs)

inside the detector [26]. Consequently, a dedicated analysis

looking for multiple-scatter events is required to search for

MIMPs. It is important to note that scatters from a transiting

MIMP would form a straight line given that the angular

deflection in each interaction is vanishingly small for dark

matter masses much heavier than the xenon nucleus [34].

A diagram of this signal topology is shown in Fig. 1.

Multiple S1 pulses occur in a short period of time (typically

a few microseconds) and are followed by multiple S2

pulses occurring over the following few hundreds of

microseconds. The time separation between the S1 pulses

is determined by the arrival times of each scatter, while the

time between S2 pulses is determined by the scatter depths

[35,36]. Importantly, the positions measured from the S2

pulses and the times measured by the S1 pulses can be used

to reconstruct both the magnitude and direction of the

velocity vector on an event-by-event basis.

The experimental signature of multiple S1s and multiple

S2s forming a track is rather extraordinary. There are only a

limited number of processes that could mimic this signa-

ture. First, muons can create events with multiple S2s.

FIG. 1. Illustration of a MIMP crossing the TPC of the LZ

experiment and creating three distinct scatters in the active region.

Each of these energy depositions is observed as a pair of S1 and

S2 light signals in the liquid and gas regions, respectively.
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However, muons deposit large amounts of energy in the

detector, of order of hundreds of MeV, and they can be

easily tagged by the external veto detectors. Second, the

correlated radiogenic emission of the 214Bi–214Po and
212Bi–212Po decays, originating in the 238U and 232Th decay

chains. These β-to-α reactions have a characteristic time

correlation of 164 μs and 300 ns, respectively [37,38]. The

correlation times are short enough to make it likely that the

second decay occurs within the same event window (of

4.5 ms duration), but long enough to allow for the S1 pulses

to be resolvable. Events like these are easy to tag and can be

excluded with more than 99.99% efficiency [39]. In

addition, the energy deposited by the emitted particles is

an order of magnitude larger than that of a recoil energy

produced by a MIMP and they are expected to occur in the

same physical location. Therefore, they do not constitute a

relevant source of background for this search. Third, γ rays

and neutrons may scatter at multiple resolvable positions in

the detector, producing multiple S2s. However, γ-ray or

MeV neutrons move too quickly (covering the full 1.5 m

dimensions of LZ in under 5 ns) for the multiple scatters

they may deposit to produce separate S1s. Slower neutrons

moving at velocities consistent with a MIMP signal have

insufficient kinetic energy to produce above-threshold

nuclear recoil signals. Moreover, neutrons scatter by

forming an erratic pattern rather than a straight line due

to the low mass of a neutron with respect to the xenon

nucleus, which makes them easy to reject. Overall, the

expected sources of background for the MIMP search are

limited to rare cases of pulse pileup from accidental

coincidences [40]. We estimate that the pileup of single-

scatter events in the SR1 exposure yields less than 0.17

events, rendering the total background rate negligible.

Prior to searching for MIMPs in the LZ SR1 data, we

studied the signal topology in detail with a simulated

sample of tracklike events traversing the detector. We used

an LZ-specific software package to simulate DM transits

across the TPC. Velocities and incident angles were

sampled randomly from the standard halo model (SHM)

velocity distribution [41] and propagated through to the

detector assuming the same parametric model of the LZ

detector used for the WIMP search [10]. Since the DM

energy spectrum is independent of mass in the high-mass

limit, we assumed a fixed dark matter mass of 1017 GeV=c2

and varied the DM-nucleon cross section.

Pulses that arrive closely spaced in time relative to the

pulse width may not be resolved by the LZ pulse finder

algorithm, and therefore, it is especially important to the

MIMP search that the simulations account for this pulse

merging effect. LZ’s parametric simulation model deter-

mines pulses to be merged based on their separation in

time, width, and relative pulse area [42,43]. Generally,

pulses merge when their separation in arrival time is below

approximately 200 ns for S1s and 2 μs for S2s. The effects

of pulse merging are illustrated in Fig. 2, which shows the

average number of true scatters, reconstructed S1 pulses,

and reconstructed S2 pulses as a function of the spin-

independent DM-nucleon cross section. Above a cross

section of 10−30 cm2, the average number of reconstructed

S1 pulses in a simulated MIMP event starts to decrease due

to pulse merging. Generally, S2 pulses are more easily

resolved than S1 pulses due to their larger separation in

time. The maximum cross section probed in this analysis is

10−29 cm2, above which the S1 and S2 pulses in a MIMP

event are exceedingly unlikely to be reconstructed as

individual pulses.

Given the relatively high cross sections probed in this

search, it is also important to consider the significance of

Earth’s shielding, referred to as the overburden. To deter-

mine the overburden boundary, we performed simulations

of the MIMP flux from every direction for different mass

and cross section values in the dark matter parameter space.

We set the overburden boundary along those points in the

parameter space where less than 1 in 105 dark matter

particles propagated through Earth maintain a sufficiently

large velocity to cause a deposit in the LZ experiment with

an energy above 1 keV. For cross sections below our

maximum search value of 10−29 cm2, we find that the

overburden boundary is only relevant for masses below

approximately 105 GeV=c2. Note that at that mass regime

the expected number of dark matter transits in LZ without

considering the overburden is much greater than 105.

However, we decided to choose the conservative value

FIG. 2. Average number of reconstructed S1 (green), S2 (blue),

and true scatters (black) in simulated events as a function of the

spin-independent DM-nucleon cross section assuming a DM

mass of 1017 GeV=c2. The simulated events are required to have

at least one true scatter. However, note that not all simulated

scatters will produce both an S1 and an S2 pulse. The LZ pulse

reconstruction software starts merging S1 pulses at lower cross

sections than S2 pulses.
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of 105 trials to optimize the use of limited computational

resources. For more details on the simulation procedure,

please see Ref. [44].

III. METHODOLOGY

The SR1 dataset was acquired during a period of 116

calendar days. Of that period, approximately 89 live days

were dedicated to acquiring WIMP search data. That period

is reduced down to 60 live days after applying data quality

cuts designed to exclude periods in which the detector

environment was unsuitable for conducting a physics

search [10]. Most notably, hold-off times of tens of

milliseconds were excluded after large S2s, which are

known to be typically followed by elevated photon and

electron emission rates [45]. Moreover, periods of time

immediately after a muon was tagged by LZ’s veto system

were removed. The strategy employed in Ref. [10] to search

for WIMPs was to look for single-scatter events uniformly

distributed in the TPC with no accompanying signals in

either of the veto detectors (skin or OD). A strict data

selection in the region-of-interest (ROI) of 3–80 phd in

corrected S1 area, > 600 phd in uncorrected S2 area

(equivalent to 10 extracted electrons), and < 105 phd in

corrected S2 area was applied. Moreover, a profile like-

lihood ratio (PLR) analysis was conducted to evaluate the

compatibility of the surviving single-scatter events with

LZ’s WIMP search background model, described in

Ref. [40]. By contrast, in the MIMP search we look for

multiple-scatter events of the kind described in Sec. II and

design data quality cuts that are as loose as possible to

minimize the reduction of the signal detection efficiency.

We start with the same 60 live day dataset, referred to as the

“initial selection,” and introduce new data selection criteria

specific to the MIMP search. To mitigate experimenter bias,

we calibrated the data selection on a simulated dataset

before applying it to the observed dataset. Furthermore, and

given the remarkable topology of the sought-after signal,

we set deliberately loose cut boundaries.

The first MIMP-specific cut we apply to the data is the

“multiplicity” cut, which ensures that more than 1 S1 and

more than 1 S2 pulses are registered in the event. Then, the

“good S1” cut is applied to select S1 pulses of a certain

quality according to two criteria: first, we only accept S1

pulses in which the observed light is not overly concen-

trated in one PMT; second, we veto events that have a

nearly coincident signal with the outer detector within a few

hundred nanoseconds around the S1 arrival time (following

the same strategy that was devised for the SR1 WIMP

search [10]). It is important to note that we do not consider

possible MIMP interactions in either the skin or the OD.

A “fiducial” cut is applied to take advantage of the

reduced radioactivity of the inner volume of the detector

due to self-shielding. Events are required to have at least

two S2 pulses reconstructed within the fiducial volume.

This volume is defined by a cylinder approximating the

WIMP search fiducial volume [10], albeit slightly expanded

—the extraordinary signature of aMIMP signal compared to

a WIMP affords some extra lenience in the fiducialization.

Elevated rates outside the fiducial volume make pileup of

those eventsmore likely.Additionally, the cut at the top of the

detector mitigates a prominent background source of event

misreconstruction due to interactions that occur in the gas

phase. The fiducial region is defined by a radius of 70 cm

from the center and a bottom and a top that are 2 and 135 cm

above the cathode, respectively.

MIMPs are not expected to be noticeably deflected by

xenon atoms as they transit LZ. We exploit this feature by

introducing a “collinearity” cut. The collinearity of the

scatter positions reconstructed from each S2 in a candidate

MIMP track is evaluated in two steps. First, a weighted

orthogonal distance regression of the xy coordinates of

each S2 is performed. We adopt the same S2 position

resolution model described in Ref. [40]. The xy collinearity

cut is placed on the corresponding reduced χ2 value. We

apply an upper boundary of reduced χ2 equal to 2, informed

by the reduced χ2 distribution of simulated MIMP-like

events at a DM-nucleon cross section of 10−30 cm2 (which

is near the peak S2 pulse multiplicity, see Fig. 2). Second,

we check that the ordering of S2 pulses along the length of

the track is monotonic. Events with exactly two S2s pass

the collinearity cut trivially.

If an event passes the collinearity cut, a three-

dimensional best fit track is calculated, along with

regressed positions si of each scatter along this track.

FIG. 3. Reconstructed velocities for simulated MIMP events

with DM-nucleon cross sections 3 × 10−32 (blue), 3 × 10−31

(gold), 10−30 (black), 3 × 10−30 cm2 (green) for a DM mass of

1017 GeV=c2. The standard halo model velocity distribution is

shown as the shaded red region for reference. The exclusion

regions imposed by the velocity cut are indicated by the shaded

gray areas.
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Here i ranges from 1 to the total number N of S2 pulses in

the event, with the ordering determined by the distance

along the track. A test of the “uniformity” of the scatters

along the track is performed in this one-dimensional

position space. An estimate of the mean free path (λ) is

provided by the distance between the furthest apart scatters

divided by the number of gaps between scatters,

λ ¼
jsN − s1j

N − 1
: ð1Þ

Then, the distance between scatters, along with the distance

between the end point scatters and the extrapolated inter-

sections with the TPC boundary, are compared to λ. The

event is rejected if the largest gap exceeds a distance of 20λ

or the smallest gap is lower than 0.01λ.

Additionally, we use a “velocity” cut to compare the

reconstructed velocity of the candidate MIMP event to the

expected dark matter velocity distribution in the Galactic

halo. The regressed positions si are used to estimate the

magnitude of the velocity vector of the MIMP particle,

v ¼
jsN − s1j

tN − t1
; ð2Þ

where the times t1 and tN are the arrival times of the first

and last S1 pulses, respectively. This reconstructed velocity

metric is subject to some deviation from the true one. For

instance, two nearby scatters can cause merged pulses, and

some scatters may not produce both an S1 and S2 pulse

above threshold. Both effects are more likely to result in the

loss of S1s than S2s, which causes the velocity to be

overestimated due to the reduction in time between the

reconstructed S1 pulses. The velocity cut is based on the

distribution of simulated reconstructed velocities, which is

generally broader than the true incident velocity distribu-

tion. Figure 3 shows the reconstructed velocity distribution

of MIMP-like events for four different spin-independent

DM-nucleon cross sections. Reconstructed velocities

below 50 and above 1200 km=s are considered invalid

MIMP candidates. These values are based on the tails of the

reconstructed velocity distribution (0.4 and 96.6 percen-

tiles), for the reference cross section of 10−30 cm2 (above

this cross section, S1 pulses are likely to start merging, as

shown in Fig. 2). Note that the blue histogram representing

the lower cross section of 3 × 10−32 cm2 peaks at a lower

velocity than the SHM (shown in red) because of the v−2

FIG. 4. Cut boundaries for the ROI cut in the space of total S1

area and total S2 area. The excluded regions are indicated by the

gray areas. The 68% and 95% contours of the population of

simulated MIMPs with a cross section of 10−30 cm2 are shown in

light and dark blue, respectively. Events passing all the data

analysis cuts before this one are shown as black points. The S1

and S2 pulses of one of the points (event A) are displayed

in Fig. 5.

FIG. 5. S1 and S2 waveforms for event A highlighted in Fig. 4. A total of two S1 and two S2 pulses were reconstructed in this event,

respectively. The narrow, flat-top shape of the S2 pulses is characteristic of an energy deposit occurring near the liquid surface. The two

S1 pulses shown on the left cannot originate from the same energy deposit that created the S2 pulses given their time separation. This

event is removed by the ROI cut.
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dependence of the differential DM-nucleus cross section

[46–48], favoring the detection of slower MIMPs.

Finally, we apply an ROI cut that restricts the search

space of total S1 and S2 areas. This cut is set conservatively

based on the expected distribution of simulated MIMP

events in the space of total S1 area and total S2 area, shown

in Fig. 4. The events surviving the previously described

data analysis cuts are shown as black points. All events are

distributed in the excluded region of small summed S1

sizes and large (> 105 phd) summed S2 sizes. This is

characteristic of pileup backgrounds, rather than MIMP-

like events. As an example, Fig. 5 shows the S1 and S2

waveforms of the event labeled as “Event A” in Fig. 4. The

narrow, flat-top shape of the S2 pulses reveals that this is an

event that originated near the liquid surface, where electron

diffusion is limited due to the short drift length. The true S1

pulse can actually be seen on the left of the first S2 pulse.

However, it was merged into the S2 by the pulse

reconstruction algorithm. Given that the true drift length

of the energy deposit that created the S2 pulses is of the

order of a few microseconds, the reconstructed S1 pulses

happening hundreds of microseconds apart cannot have

originated from the same energy deposit.

The total signal acceptance, shown in Fig. 6, was

evaluated from the sample of simulated MIMP events.

The fiducial, uniformity, and velocity cuts have the largest

impact on the total signal acceptance, with a more pro-

nounced effect for increasing cross sections. At cross

sections above 10−30 cm2 the acceptance drops signifi-

cantly, mostly due to the velocity cut. This is due to a

noticeable increase in pulse merging, as was shown in

Fig. 2, causing the reconstructed velocity to be outside the

cut boundaries and increasing the clustering probability of

individual scatters in the multiple-scatter event.

IV. RESULTS AND DISCUSSION

The effect of each analysis cut on the SR1 dataset is

shown in Table I. The last column shows the number of

events surviving each cut, reaching a total count of zero

after we apply all data selection cuts. Dark matter models

for which the expected number of signal events exceeds

2.44 (after accounting for the signal acceptance shown in

Fig. 6) are excluded at 90% confidence level, which follows

the Feldman-Cousins convention for an observation of zero

events and a mean background of zero events [49]. We

show these limits in Fig. 7, labeled “LZ SR1 MS,”

alongside previous limits derived from similar multiscatter

searches conducted by other experiments [28–31].

In addition to the limits obtained from this multiple-

scatter analysis, we extend limits based on the LZ SR1

WIMP search presented in Ref. [10] to high masses and

cross sections, labeled in Fig. 7 as LZ SR1 SS. In that

publication, limits are displayed up to a mass of

10 TeV=c2; at this mass, a WIMP model on the limit

curve would yield 4.4 expected signal events based on the

FIG. 6. Acceptance of the cuts listed in Table I as a function of

the DM-nucleon scattering cross section evaluated on a simulated

dataset of MIMP-like events of mass 1017 GeV=c2. Each colored
line shows the acceptance conditional on applying the previous

listed cuts. By contrast, the black line shows the total acceptance

with respect to the initial selection. A 1σ binomial uncertainty

band is indicated in gray. The acceptance is generally high except

for cross sections larger than 10−30 cm2, when most events start

failing the velocity cut (pink).

TABLE I. List of data analysis cuts applied to the SR1 dataset to search for MIMPs. The number of surviving events after each cut is

indicated in the last column.

Name Description Events

Initial selection See Sec. III 10137

Multiplicity > 1 S1s;> 1 S2s 1538

Good S1 No S1s are overly concentrated in one PMT or have a coincident signal in the OD 1400

Fiducial ≥ 2 S2s with z∈ ð2; 135Þ cm and r < 70 cm 269

Collinearity Reduced χ2 < 2; scatters are causally ordered along the track 237

Uniformity Scatters are distributed along the track uniformly 67

Velocity Reconstructed v∈ ð50; 1200Þ km=s 11

ROI Total S1 and total S2 area is within signal region 0
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results from the corresponding PLR analysis. This result is

extrapolated to high masses along a contour with an equal

expected number of signal events. This extrapolation is

justified by the fact that the expected recoil rate spectrum is

independent of mass for dark matter masses much greater

than the xenon atomic mass [46–48]. Note that this limit

cannot be extrapolated indefinitely since only a negligible

amount of dark matter transits at high cross sections will

produce one scatter (those transits that result in more than

one scatter are removed by the single-scatter requirement

[10]). This effect sets a ceiling on the SS limit, as shown in

Fig. 7. In addition, the fact that the number of single scatters

decreases while the number of multiple scatters increases

for increasing cross section values explains why the LZ

SR1 MS limits have higher reach. The MS analysis has

superior signal acceptance at high cross sections and can

yield exclusion limits that reach larger masses compared to

the SS analysis.

We assume two different dark matter models for the

limits shown in Fig. 7. Instead of carrying out a compre-

hensive study of theoretical models, we focus our attention

to showing the results of this search under two contrasting

models. First, the upper panel of Fig. 7 shows the exclusion

limits assuming the cross section model that is typically

adopted in direct detection searches. This assumes a spin-

independent DM-nuclear scattering in which the total DM-

nucleus cross section (σχN) is coherently enhanced with

respect to the DM-nucleon cross section (σχn). In this case,

the differential cross section for the DM-nucleus elastic

scattering takes the form [48,50]

dσχN

dER

¼
dσχn

dER

�

μχN

μχn

�

2

A2jFNðqÞj
2; ð3Þ

where ER is the recoil energy of the nucleus, μχN and μχn
are the reduced masses of the DM-nucleus and DM-

nucleon cross sections, respectively, A is the number of

nucleons in the nucleus, and FNðqÞ is the nuclear form

factor, for which we consider the Helm form factor [51]. In

the heavy dark matter limit, a factor of A2 arises from the

ratio of the two reduced masses, resulting in the expression

dσχN

dER

¼
dσχn

dER

A4jFNðqÞj
2: ð4Þ

Note that the derivation of this relationship assumes a

regime of low interaction strength, so the A4 scaling may

not be a reasonable assumption for high DM-nucleon cross

sections [52]. Precise scaling between the DM-nucleon and

DM-nucleus cross sections is dependent on the choice of

the interaction potential. Additionally, at high masses

where composite dark matter models are especially rel-

evant, it may be required to consider a form factor term not

only for the nucleus but also for the dark matter particle

[19]. We leave a more comprehensive study of alternative

dark matter models to future publications.

Second, we consider a contact interaction model with no

coherent enhancement of the per-nucleon cross section,

taking the form

dσχN

dER

¼
dσχn

dER

jFNðqÞj
2: ð5Þ

FIG. 7. The 90% confidence level upper limit on the DM

scattering cross section as a function of DM mass assuming two

contrasting models of scattering with the nucleus. First, a

coherent, spin-independent scattering (top); second, a noncoher-

ent scattering between a dark matter particle and the nucleus

(bottom). An A4 scaling arises in the first case due to the coherent

and kinematic enhancements of the signal rate (see text). The

results from the MIMP search analysis are shown as solid lines,

while the extrapolated limits from the WIMP search analysis in

Ref. [10] are shown as dashed lines. Constraints from other

experiments are also shown: XENON1T [28], DEAP [29],

DAMA [30], and Chicago [31]. The extrapolation of the con-

straint set by XENON1T to lower masses is shown with a dash-

dotted gray line.
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This model has also been selected as an additional bench-

mark for the sensitivity of high cross section dark matter

searches in other studies [28,53,54]. Without the A4

enhancement, the heavier xenon nucleus loses some ad-

vantage in probing dark matter at low cross sections. This is

apparent in the lower panel of Fig. 7, which shows an

increased overlap between the LZ MS limit and previous

constraints using other target elements [29–31].

With the results from this analysis, we are able to probe

an intermediate parameter space between the LZ SR1 SS

limit and MS limits set by other experiments [28–31]. In the

LZ SR1 MS analysis, MIMP signals must include well-

separated S1s and S2s. At high cross sections, the LZ SR1

MS analysis loses sensitivity when multiple pulses are no

longer resolvable, causing the “turnaround” at high masses.

By contrast, similar searches by DEAP-3600 [54] and

XENON1T [28] seek a MIMP signal topology consisting

of single pulses with anomalous shape caused by the

merging of many closely spaced signals. Consequently,

the limits from those searches can extend to higher cross

section, but their sensitivity to dark matter models resulting

in a low multiplicity of scatters (i.e., low cross section) is

heavily constrained.

V. CONCLUSIONS

By considering transiting dark matter that has a high

probability of interacting within its path length across the

LZ TPC detector, such that multiple scatters become likely,

we demonstrated that LZ can extend its sensitivity to dark

matter models of high masses and high cross sections. The

low energy threshold and large surface area of LZ makes

this kind of search favorable. After data selection, we did

not observe any event that was consistent with a transiting

MIMP in the SR1 dataset. Based on this result, we set

competitive per-nucleus limits and world-leading per-

nucleon limits for dark matter at high mass. The maximum

mass probed by LZ is extended to 3.9 × 1017 GeV=c2

compared to an extrapolation of the WIMP search exclu-

sion limit from Ref. [10]. In the full exposure of 1000 day

live days and assuming a similar total acceptance as the one

shown in Fig. 6, we predict LZ will probe dark matter

masses up to 6.5 × 1018 GeV=c2.
Additionally, the rich information in MIMP events,

especially full reconstruction of the velocity vector, will

be valuable for confirming the dark matter origin as well as

reconstructing dark matter properties in the event of the

observation of this type of signal. For some models, the

single- and multiple-scatter channels can provide comple-

mentary information that will be essential to investigate any

excess observed in the data.

Selected data from the following plots can be accessed

at [55]:

(i) Figure 6: points representing the total acceptance

curve for the multiple-scatter analysis (black line).

(ii) Figure 7: points representing the 90% confidence

level upper limits assuming two contrasting dark

matter models: first, a spin-independent scattering

model in which the differential cross section for the

DM-nucleus elastic scattering scales as A4 with the

DM-nucleon elastic scattering differential cross

section (A is the nuclear mass number); second, a

spin-independent scattering model in which no

coherent enhancement of the per-nucleon cross

section is assumed. Two limits are shown in each

case: the upper limit corresponding to the MIMP

search analysis (solid line) and the extrapolated limit

from the WIMP search analysis to high dark matter

masses (dashed line) [10]. The points are expressed

in units of GeV=c2 and cm2 for mass and cross

section, respectively.
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