Fermilab

Measurement of the Muon Flux at the Sanford Underground
Research Facility with the LUX-ZEPLIN Dark Matter Detector

FERMILAB-PUB-26-0115-V

arXiv:2602.16799

This manuscript has been authored by Fermi Forward Discovery Group, LLC
under Contract No. 89243024CSC000002 with the U.S. Department of Energy,
Office of Science, Office of High Energy Physics.



arXiv:2602.16799v1 [hep-ex] 18 Feb 2026

Measurement of the Muon Flux at the Sanford

Underground Research Facility with the LUX-ZEPLIN
Dark Matter Detector

The LZ Collaboration, D.S. Akerib®?, A.K. Al Musalhi®, F. Alder®,
B.J. Almquist?, C.S. Amarasinghe®, A. Ames®®, T.J. Anderson®",

N. Angelides, H.M. Aratjo®", J.E. Armstrong', M. Arthurs®?, A. Baker/,
S. Balashov®, J. Bang?, J.W. Bargemann®, E.E. Barillier!, K. Beattie®,
A. Bhattil, T.P. Biesiadzinski®", H.J. Birch®, E. Bishop4,

G.M. Blockinger®, C.A.J. Brew", P. Bras*, S. Burdin!,

M.C. Carmona-Benitez™, M. Carter!, A. ChawlaP, H. Chen®, Y.T. Chin™,
N.I. Chott®, S. Contreras’, M.V. Converse®, R. Coronel®?, A. Cottle®,
G. Cox", D. Curran", C.E. Dahl"'"V, I. Darlington®, S. Dave®, A. David®,
J. Delgaudio®, S. Dey*, L. de Viveiros™, L. Di Felice®, C. Ding?,
J.E.Y. Dobsond, E. Druszkiewicz®, S. Dubey?, C.L. Dunbar", S.R. Eriksen?,
N.M. Fearon*, N. Fieldhouse*, S. Fiorucci®, H. Flaecher¥, E.D. Fraser',
T.M.A. Fruth?, PW. Gaemers®”, R.J. Gaitskell?, A. Geffre",

J. Genovesi™', C. Ghag®, J. Ghamsari/, A. Ghosh®, R. Gibbons™??,

S. Gokhale®?, J. Green®, M.G.D.van der Grinten", J.J. Haiston', C.R. Hall,
T. Hall', R.H Hampp’, S.J. Haselschwardt®*, M.A. Hernandez',

S.A. Hertel*!, G.J. Homenides®, M. Horn", D.Q. Huang", D. Hunt®*
R.S. James®!', E. Jacquet®, K. Jenkins®, A.C. Kaboth?, A.C. Kamaha',
M.K. Kannichankandy®, D. Khaitan®, A. Khazov", J. Kim®, Y.D. Kim?",
D. Kodroff®, E.V. Korolkova®, H. Kraus*, S. Kravitz®, L. Kreczko”,
V.A. Kudryavtsev®, C. Lawes', D.S. Leonard®®, K.T. Lesko", C. Levy®,
J. Lin™® A Lindote®, W.H. Lippincott®, J. Long¥, M.I. Lopes¥,

W. Lorenzon®, C. Lu?, S. Luitz®?, V. Mahajan, P.A. Majewski®,

A. Manalaysay®, R.L. Mannino®, R.J. Matheson?, C. Maupin®,

M.E. McCarthy®, D.N. McKinsey™**, J. McLaughlin¥, J.B. Mclaughlin®,
R. McMonigle®, B. Mitra¥, E. Mizrachi*®** M.E. Monzani®"?*, K. Mora!,

*Corresponding authors:
Email addresses: harvey.birch@physik.uzh.ch (H.J. Birch),
jemima.tranter326@gmail.com (J. Tranter)
!'Now at The University of Melbourne, School of Physics, Melbourne, VIC 3010, Aus-
tralia.


https://arxiv.org/abs/2602.16799v1

E. Morrison®, B.J. Mount®, M. Murdy®®, A.St.J. Murphy¢, H.N. Nelson®,
F. Neves®, A. Nguyend, C.L. O’Brien®, F.H. O’Shea?, 1. Olcina™??,
K.C. Oliver-Mallory®, J. Orpwood®, K.Y Oyulmaz?, K.J. Palladino®,
N.J. Pannifer¥, N. Parveen®, S.J. Patton", B. Penning’, G. Pereirak,
E. Perry®, T. Pershing®, A. Piepke®, S.S. Poudel, Y. Qie®,

J. Reichenbachert, C.A. Rhyne?, G.R.C. Rischbieter®®, E. Ritchey,
H.S. Riyat®®, R. Rosero®®, N.J. Rowe*, T. Rushton®, D. Rynders",

S. Saltaok, D. Santone*, I. Sargeant®, A.B.M.R. Sazzad®*>*, R.W. Schnee!,
G. Sehr®, B. Shafer!, S. Shaw?, W. Sherman®’, K. Shi*, T. Shutt®,
C. Silva¥, G. Sinev', J. Siniscalco®, A.M. Slivar®®, R. Smith™??,

V.N. Solovov¥, P. Sorensen™, J. Soria™*, T. Stenhouse®, T.J. Sumner®,
A. Swain*, M. Szydagis®, D.R. Tiedt", M. Timalsina®, D.R. Tovey®,

J. Tranter®* M. Trask®, K. Trengove®, M. Tripathi®®, A. Uson9,
A.C. Vaitkus?, O. Valentino®, V. Velan®, A. Wang®", J.J. Wang?®®,

Y. Wang™?®® L. Weeldreyer®, T.J. Whitis®, K. Wild™, M. Williams",

J. Winnicki®, L. Wolf?, F.L.H. Wolfs®, S. Woodford%!, D. Woodward®,
C.J. Wright¥, Q. Xia®, J. Xu®, Y. Xu®, M. Yeh*®® D. Yeum', J. Young/,
W. Zha™, H. Zhang?, T. Zhang", Y. Zhou®

@SLAC National Accelerator Laboratory, Menlo Park, CA 94025-7015, USA
®Kavli Institute for Particle Astrophysics and Cosmology, Stanford University, Stanford,
CA 94305-4085 USA
¢ University College London (UCL), Department of Physics and Astronomy, London
WCIE 6BT, UK
4 Brown University, Department of Physics, Providence, RI 02912-9037, USA
¢ University of California, Santa Barbara, Department of Physics, Santa Barbara, CA
93106-9530, USA
FUniversity of Zurich, Department of Physics, 8057 Zurich, Switzerland
9 Imperial College London, Physics Department, Blackett Laboratory, London SW7 2AZ,
UK
hSTFC Rutherford Appleton Laboratory (RAL), Didcot, OX11 0QX, UK
i University of Maryland, Department of Physics, College Park, MD 20742-4111, USA
IKing’s College London, King’s College London, Department of Physics, London WC2R
2LS, UK
kLaboratorio de Instrumentacio e Fisica Experimental de Particulas (LIP), University of
Coimbra, P-3004 516 Coimbra, Portugal
YUniversity of Liverpool, Department of Physics, Liverpool L69 7ZE, UK
™ Pennsylvania State University, Department of Physics, University Park, PA
16802-6500, USA
" Lawrence Berkeley National Laboratory (LBNL), Berkeley, CA 94720-8099, USA
°© University at Albany (SUNY), Department of Physics, Albany, NY 12222-0100, USA
P Royal Holloway, University of London, Department of Physics, Egham, TW20 0EX, UK



2 University of Edinburgh, SUPA, School of Physics and Astronomy, Edinburgh FH9
3FD, UK
"University of California, Los Angeles, Department of Physics € Astronomy, Los
Angeles, CA 90095-1547
s Unaversity of Rochester, Department of Physics and Astronomy, Rochester, NY
14627-0171, USA
tSouth Dakota School of Mines and Technology, Rapid City, SD 57701-3901, USA
“South Dakota Science and Technology Authority (SDSTA), Sanford Underground
Research Facility, Lead, SD 57754-1700, USA
Y Northwestern University, Department of Physics & Astronomy, Evanston, IL
60208-3112, USA
Y Fermi National Accelerator Laboratory (FNAL), Batavia, IL 60510-5011, USA
*University of Ozford, Department of Physics, Ozford OX1 8RH, UK
Y University of Bristol, H.H. Wills Physics Laboratory, Bristol, BS8 1TL, UK
#The University of Sydney, School of Physics, Physics Road, Camperdown, Sydney, NSW
2006, Australia
2 Unijversity of California, Berkeley, Department of Physics, Berkeley, CA 94720-7300,
USA
@ Brookhaven National Laboratory (BNL), Upton, NY 11973-5000, USA
a¢ University of Michigan, Randall Laboratory of Physics, Ann Arbor, MI 48109-1040,
USA
e University of Massachusetts, Department of Physics, Amherst, MA 01003-9337, USA
a¢ University of Alabama, Department of Physics € Astronomy, Tuscaloosa, AL
34587-0324, USA
of University of Texas at Austin, Department of Physics, Austin, TX 78712-1192, USA
9 The University of Melbourne, School of Physics, Melbourne, VIC 3010, Australia
ahIBS Center for Underground Physics (CUP), Yuseong-gu, Daejeon, Korea
“ Ungversity of Sheffield, School of Mathematical and Physical Sciences, Sheffield S3
7RH, UK
% Lawrence Livermore National Laboratory (LLNL), Livermore, CA 94550-9698, USA
o Vatican Observatory, Castel Gandolfo, V-00120, Vatican City State
“Black Hills State University, School of Natural Sciences, Spearfish, SD 57799-0002,
USA
am University of California, Davis, Department of Physics, Davis, CA 95616-5270, USA

Abstract

High-energy cosmic-ray muons reaching deep underground laboratories can
cause events in detectors that mimic signals expected from dark matter parti-
cles, neutrinos, or rare decays. Knowledge of the muon flux and energy spec-
trum is important for evaluating the background rate caused by muons and



their secondaries. In this paper, we report the measurement of the cosmic-
ray muon flux in the Davis Campus of the Sanford Underground Research
Facility with the LUX-ZEPLIN detector. Using 366.4 days of exposure, the
muon rate through the detector was measured as 10.94 £ 0.174¢. day_1 with
energy thresholds of 20 MeV in the inner xenon detector and 8 MeV in the
outer liquid scintillator detector. This rate corresponds to a muon flux of
(5.09 £ 0.08¢at. £ 0.104ys.) X 1072 em 257! in the Davis Cavern.

Keywords: Dark Matter Experiment, Cosmic-Ray Muons, Underground
Detectors

1. Introduction

The LUX-ZEPLIN (LZ) experiment is searching for Weakly Interacting
Massive Particle (WIMP) dark matter in a wide range of WIMP masses
and other rare phenomena [1, 2, 3, 4, 5|. The detector houses a dual-phase
xenon time projection chamber (TPC) with arrays of photomultiplier tubes
(PMTs) at the top and bottom. The TPC is surrounded by a liquid xenon
(LXe) Skin and an Outer Detector (OD) filled with a gadolinium-loaded
liquid scintillator, both serving as anti-coincidence systems (veto detectors)
to reject background events. The LZ experiment is operating in the Davis
Campus of the Sanford Underground Research Facility (SURF) at the 4850 ft
level. A complete description of the detector design is given in Ref. [6].

Muon-related backgrounds pose a threat to high-sensitivity rare-event
search experiments through various processes such as nuclear recoils from
neutron elastic scattering (WIMP searches); neutron inelastic scattering and
capture (neutrino detection, neutrinoless double beta decay, nucleon decays
and other experiments).

This background is relatively small in existing experiments, but can po-
tentially limit the sensitivity of larger detectors discussed or planned for
construction at SURF, such as DUNE [7]. Hence, muon measurements have
a wider impact on science at SURF.

Previously, the muon intensity in the vertical direction (within 18° from
vertical) at SURF, in the same cavern as LZ (vertical depth of about 1480 m),
was measured with the veto system of the Davis solar neutrino experiment
to be (5.38 £ 0.07) x 107 cm~2s~tsr1[g].

We have included single and multiple muons in the value above by in-
creasing the vertical intensity of single muons reported in Ref. [8] by the



measured fraction of multiple muons from the same experiment. The total
muon flux has recently been measured by the veto system of the MAJORANA
DEMONSTRATOR located at the same level at SURF in the nearby cavern as
(5.31 £0.17) x 1072 em 257! [9].

The two fluxes above cannot be directly compared since the first one
is reported for the vertical direction, while the second one is effectively in-
tegrated over all angles. Using a muon angular distribution predicted by
MUSIC and MUSUN simulations (described in Section 2) and extrapolate
the results from Ref. [8] to the total flux, the measurements from Ref. [§]
are higher than those reported by MAJORANA DEMONSTRATOR by about
20%. The difference may be caused, at least partly, by different locations
of the two detectors (the distance is about 50 m between them), but a new
measurement with the LZ in the Davis cavern should resolve the difference.

Cosmic-ray muon background in the LZ experiment was extensively stud-
ied based on a Monte Carlo simulation campaign, and the cosmogenic neutron
background was evaluated to be negligible thanks to the high background re-
jection power, including veto detectors [10]. In this paper, we measure the
muon event rate in LZ and compare it with that predicted by the simula-
tion. This measurement helps tune the LZ muon model and provides a new
measurement of the muon flux in the Davis cavern. Compared to previous
measurements, we improve on statistical and systematic uncertainties. We
have also evaluated with better precision the mean density of rock above the
Davis campus, an important parameter for future muon simulations. The
low muon rate at SURF and the complexity of track reconstruction with the
optical readout (PMTs) did not allow us to study the muon angular distri-
bution.

Section 2 of the paper introduces the muon simulations. The selection
of muon events is described in Section 3. The results of the muon rate
measurement are presented in Section 4. The procedure of determining the
muon flux from the measured rate is explained in Section 5 together with the
evaluation of the average rock density. Conclusions are given in Section 6.

2. Muon Simulations

The LZ measurement reported below constrains the total muon rate in
the detector; a model describing the muon energy spectrum and angular
distribution is then needed to extract the muon flux at the Davis cavern.
This muon model is described below.



The energy spectrum and angular distribution of muons in the Davis cav-
ern were obtained using two Monte-Carlo codes: MUSIC (MUon SImulation
Code) and MUSUN (MUon Simulations UNderground) [11, 12], adapted for
the LZ experiment. MUSIC propagates muons with different energies from
the Earth’s surface through various thicknesses of rock, recording their energy
spectra and angular distribution.

The rock composition was derived from the measurements reported in
Ref. [13], with additional input from Ref. [14], giving average parameters of
(Z) = 12.1 and (A) = 24.2. The average rock density was assumed to be
2.70 g ecm™3 [14]. In the MUSIC simulations, the known surface profile was
included [10], and the rock was assumed to have uniform composition and
density above the detector.

Inside the LZ simulation framework BACCARAT [10] (based on the
GEANTH4 toolkit [15]), MUSUN reads MUSIC outputs to generate muons
in the rock on the top and sides of a box that encompasses the Davis cavern
at SURF. A number of physics lists are used by BACCARAT, the prominent
modules used to model muon interactions with the detector are EMLiver—
morePhysics and QGSP_BIC_HP_Gd. A full description of BACCARAT
can be found in Ref. [10].

The ratio of pu* /™ is set to 1.38 based on measurements of high-energy
muons [16]. The box extends from 7 m above the cavern boundary to 3 m
below. The vertical walls of the box are positioned 5 m away from the
boundary. Moving the box surfaces into the rock, away from the cavern,
ensures the development of muon-induced cascades in the rock before muons
and secondary particles produced by muons in rock enter the cavern, which
is important when studying muon-induced backgrounds. Cascades starting
outside the box are not expected to reach the cavern. The energy spectrum
and the zenith angular distribution of the muons generated by MUSUN on
the surface of the box are shown in Fig. 1.

This muon model has been described in detail in Ref. [10], and has been
used to calculate muon fluxes and estimate the expected muon-induced back-
ground in LZ. We propagated 4.82 x 10" muons through the box in the sim-
ulation and recorded muon energy depositions in the OD, Skin, and TPC.

This corresponds to 9147 days of exposure (0.0610 muons per second
through the box), a factor of 25 more than for data collected during the
WIMP searches conducted between December 23, 2021, to May 11, 2022
(WS2022 [1]) and March 27, 2023, to April 1, 2024 (WS2024 [2]).

Our calculations within this model predict a vertical muon intensity of
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Figure 1: Energy spectrum (a) and zenith angular distribution (b) of simu-
lated muons at SURF’s Davis cavern, generated with the MUSUN model at
the surface of the box enclosing the cavern boundary (see text for details).

5.18 x 1072 em™2s7tsr!, within 3 standard deviations from the measured
value of (5.3840.074t.) X 1072 ecm™2s!sr™! in the Davis experiment [8]. The
total muon flux through a spherical detector with unit cross-sectional area has
been calculated as
6.16 x 10 %cm 257!, which is 16% higher than the recently measured value
of (5.3140.174as.) X 1072 cm ™25~ by the MAJORANA DEMONSTRATOR [9).
The difference between the two measurements and our initial model indi-
cates a possible uncertainty in the model of about 20%, and this measurement
with the LZ experiment aims to resolve this discrepancy. The measurement
will also help tune the LZ muon model, in which the assumed rock density
is the main source of systematic uncertainty.

3. Muon Event Selection

Recorded waveforms of muon events have distinct features that have been
used to select these events to evaluate the muon rate in LZ. Two datasets,
WS2022 and WS2024, with operating conditions described in Refs. [1, 2]
and detector live time of 366.4 days have been considered in muon analysis.
Cosmic-ray muon events in the LZ experiment can be uniquely identified by
their large energy deposits that occur nearly simultaneously across the three
detector systems: OD, Skin, and TPC. In the OD and Skin, a muon produces
a singular pulse at time top and tgy,, respectively. The muon signal in the

7



TPC constitutes a series of consecutive pulses from the ionisation of atoms
along the muon track. At every interaction point along the track, there will
be a primary scintillation pulse (‘S1’) and an ionisation pulse (‘S2’). The
S2 pulse is caused by ionisation electrons drifting from the interaction site
in the liquid volume to the gaseous phase at the top of the TPC, producing
electroluminescence [6]. Given the very short time the muon takes to cross
the TPC (a few nanoseconds) all of the scintillation signals form a single S1
pulse. The S2 signals merge to create a long, continuous pulse as the muon
ionises atoms along its path, as illustrated in Fig. 2. If the muon enters the
TPC from the top, the S2 pulses begin immediately after the S1 pulse. When
a muon passes through the TPC, the long duration of the S2 signals (widths
of up to the maximum TPC drift time, compared to the few microseconds
widths observed during regular operation) fill the memory buffers used to
store the waveforms before the end of the event window. This results in the
loss of signals from ~ 180 ps until the end of the event. An example of the
“event clipping” caused by buffer filling can be seen in Fig. 2. The start of
the first pulse in the TPC is used in the inter-detector timing selection as
trpc.

Events that exhibited the coincidence between the TPC, Skin and the
OD were initially identified, and through the analysis of the inter-detector
timing spectra, the three different criteria were chosen as follows:

1. —200 ns < Atop - skin < 200 ns,
2. —1200 ns < Atop - tpc < 200 ns,
3. —1200 ns < AtSkin _trc < 200 ns.

Here Atx_y = tx — ty denotes the difference in time between the pulses
observed in detectors X and Y with tx/y being the time at which the pulse
reaches 5% of its total pulse area. Criterion 1 is defined as the time difference
between the largest pulses in the OD and the Skin. Criterion 2 is the time
difference between the largest pulse in the OD and the start of the muon tail
in the TPC. Criterion 3 is the time difference between the largest pulse in
the Skin and the start of the muon tail in the TPC. Events are excluded from
the muon event selection if they fail to satisfy all three criteria. Background
events, such as those induced by high-energy gamma-rays from radioactivity
or caused by neutron capture on gadolinium in liquid scintillator, can trigger
all three detectors. Therefore, an OD threshold of 2000 phd (photons de-
tected) corresponding to about 8 MeV energy deposition in the OD [17] was
used in the data analysis.
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Figure 2: Waveform output of a typical muon event captured by the LZ data
acquisition system. The amplitude is measured in single photons registered
by PMTs per 10 ns sample. The individual waveform traces from the TPC,
Skin, and OD are shown in the top three panels. The bottom panel shows a
magnified view of the pulses in all detectors overlaid at the time the muon
initially passes through the experiment to demonstrate the contribution of
pulse timing to the muon event selection. The TPC pulse corresponds to the
solid red line, the OD pulse corresponds to the dashed green line, and the
Skin pulse corresponds to the dotted blue line.

No explicit energy threshold, other than the 0.1 phd requirement to trig-



ger the data acquisition system [18], is applied to the signals in the xenon Skin
due to a highly non-uniform response of the Skin to an energy deposition.

4. Muon Rate Measurement

The same muon event selection cuts have been applied to both LZ data
and simulations so the measured and simulated muon event rates above a
chosen TPC energy threshold can be compared, and the model normalisation
factor can be computed. Determining the threshold for energy deposited in
the TPC is a critical part of obtaining an accurate muon rate. A particular
concern is the effect of muon-induced secondary particles, which may not
be modelled to a high degree of precision. Low-energy deposits in the TPC
may be caused by events where a muon passed only through the OD and its
secondaries caused coincident signals in the Skin and TPC. The threshold
for the energy deposits in the TPC should be optimised to mitigate this
uncertainty, such that a robust scaling factor between the simulated event
rate and the measured rate can be obtained.

For direct comparison with data, the detector observable, such as the
number of detected photons in data, needs to be converted to the muon
energy deposited in the TPC. The Noble Element Simulation Technique
(NEST) model [19] is used to convert the number of detected photons in
the TPC (the sum of S1 and S2 pulse areas) to deposited energy. NEST was
tailored for the WS2022 and WS2024 detector configurations to generate
conversion factors for each dataset. Using the start positions and direction
vectors from MUSUN simulations, the tracks of all 48.2 million muons were
projected towards the TPC. 67909 muons were found to have crossed the
TPC. The positional information for where the muons entered and exited
the TPC was used in the NEST simulations that generated both the energy
deposition via ionisation and the S1 and S2 signals. This relationship be-
tween the sum of detected photons in S1 and S2 pulses per event and the
corresponding deposited energy, in simulations, was used to convert the num-
ber of detected photons in the data into the energy deposition. The energy
response is found to be approximately linear below 100 MeV. Above this
energy, saturation of PMTs prevents a direct comparison of reconstructed
energy in the TPC to that predicted by simulations.

The average muon rates per day in data and simulations are plotted in
Fig. 3a as a function of the TPC energy threshold. These rates and their

10



ratio? are shown in Table 1 as a function of the TPC energy threshold. The
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Figure 3: (a) Muon rate as a function of the energy threshold in the TPC
after analysis cuts have been applied to simulations and data. (b) The ratio
of data-to-simulated muon event rates as a function of the energy threshold
in the TPC.

ratio of data-to-simulated muon event rates is displayed in Fig. 3b, the errors
shown are purely statistical from data and simulated samples. As seen from
Table 1 and Fig. 3b, the muon data rate is lower than that from simulations
by about 15-20%.

The muon event rate in data and simulations decreases with increasing
energy thresholds in the TPC. However, the ratio of the two remains practi-
cally constant for thresholds between 5 and 50 MeV with a variation of less
than 1 %. High-energy muons typically deposit 5-10 MeV energy per cm in
liquid xenon, and practically all muon events with deposited energy above
10 MeV are caused by muons crossing at least a short section of the TPC.
This was confirmed by looking at deposits that were made only by muons
and not their secondaries in the simulation. Below this energy, the data-to-
simulation muon rate ratio varies with the chosen energy threshold because
of uncertainties in modelling events where a muon did not pass through the
TPC, but its secondaries did (Table 1). The energy threshold in the TPC
was therefore chosen to be 20 MeV. The measured muon daily rate above

2The ratio is taken to be the number of events in data divided by the number of events
in simulations.
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Table 1: Muon rates from data and simulations. The first column lists the
energy thresholds in the TPC. The second column gives the number of events
per day that passed the TPC threshold and analysis cuts in the simulations,
while the third column provides the corresponding number for data. The
fourth column presents the ratio of data to simulated events per day. The
first row corresponds to the lowest energy threshold achieved in the analysis.

Energy threshold Simulation Data Data/Simulation
in the TPC [MeV] rate [day™ '] rate [day '] ratio
0.00144 16.55 £ 0.04 13.43 £ 0.19 0.811 £+ 0.012
1 15.06 = 0.04 12.69 + 0.19 0.843 £ 0.013
2 14.48 £ 0.04 12.27 £+ 0.18 0.847 £ 0.013
5 13.76 £ 0.04 11.71 + 0.18 0.851 £ 0.014
10 13.28 £ 0.04 11.35 + 0.18 0.855 + 0.014
20 12.84 + 0.04 10.94 + 0.18 0.852 £ 0.014
30 12.60 £ 0.04 10.71 £ 0.17 0.850 £ 0.014
40 12.41 £ 0.04 10.53 £ 0.17 0.849 £ 0.014
50 12.26 + 0.04 10.39 £+ 0.17 0.847 £ 0.014

this threshold is 10.94 + 0.184,:.. The uncertainty in the detected-photon-
to-energy conversion in the TPC has been used to evaluate the systematic
uncertainty for the measured muon rate. Conservatively, we assume that the
uncertainty in this conversion factor can be up to 50%. To account for this,
we calculated the muon rates in both data and simulations by varying the
energy threshold in both sets by +50%. This established the uncertainty in
the ratio of the data-to-simulation rate to be about 2%.

Table 2 summarises the effect of each analysis cut on the total number of
events. The time coincidence cut removed the largest percentage of events,
99.84%. Out of the 338,945,282 events acquired in the WS2022 and WS2024
datasets, our cuts selected 4007 events for the final rate analysis and flux
reconstruction.

Due to the lower light yield of the liquid scintillator than xenon and the
lower light collection efficiency of the OD, muon events in the OD do not
cause significant PMT saturation effects. The OD has been calibrated with
radioactive sources at keV and MeV energies in LZ, however, the obtained
calibration factor is not applicable at muon energy depositions, and thus a
dedicated tuning of the energy scale is carried out in this work. The measured

12



Table 2: The number of events remaining after each analysis cut is applied
sequentially to the WS2022 and WS2024 data. The “timing coincidence" cut
has been defined in Section 3.

Cuts No. of events
None 3.389 x 108
Timing coincidence 5.327 x 10°

OD Energy > 8 MeV 4.873 x 10°
TPC Energy > 20 MeV  4.007 x 103

and simulated spectra of energy depositions in the OD are compared in Fig. 4,
where We have not simulated light emission, transport, and detection in the
OD due to the high number of emitted scintillation photons, so a perfect
match of the two spectra is not expected, but the agreement between the
shapes of the spectra is sufficiently good, with a lower rate of measured
events than simulated ones. Non-uniformity of the light collection in the OD
and complexity of the muon pulse reconstruction by the LZ software tuned
to low-energy events could be reasons for a difference between the shapes of
the two spectra.

Although muons can reach the LZ depth as single muons and in bun-
dles (multiple muons produced in the same air shower), the fraction of
multiple muons at this depth is relatively small. Different experiments re-
ported fractions of multiple muons relative to single muons of about 7% at
2.1 km w. e. [20], 15% at 3 km w. e. [21], 4% at 4 km w. e. [22], and 1.3%
at 6 km w. e. [23|. The fraction of multiple muons depends on the detector
depth, zenith angle, and size, leading to the observed variations. For all re-
ported measurements, the fraction of muon pairs separated by less than 1.5 m
(the diameter of the LZ TPC) is smaller than 5%. This gives the fraction
of muons to be detected within 1.5 m distance from another muon as < 1%
relative to the number of single muons. Ref. [24] measured the fraction of
muon pairs within a 1 m? area as about 0.001 relative to the number of sin-
gle muons. This agrees with the results of modelling [25]. We conclude then
that with the current selection criteria, the fraction of multiple muons to be
detected by LZ is less than 1% relative to the number of single muons, which
is smaller than the uncertainty of the measurements and can be neglected.
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Figure 4: Spectra of energy depositions from muon events in the OD in data
and simulations. Energy deposited in the OD in data was obtained from the
total pulse area using a single scaling factor to match simulated spectrum.
The shape of the spectra is due to the path dependence of the muon through
the complex OD tanks geometry.

5. Evaluation of the Muon Flux

In this work, we measured the rate of muons passing through the three
detectors of LZ. A useful parameter that can be extracted from this measure-
ment is the total muon flux. Below, we describe the procedure of muon flux
derivation from the LZ data and compare this flux with other measurements.
We also discuss the most likely reason for the difference between LZ data
and our initial muon model.

The measured rate can be converted to a muon flux by scaling the sim-
ulated muon flux by the same ratio as that for the measured-to-simulated

rate:
F,=F, x —, 1
R, ( )
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where F),, and F; are the measured (evaluated from the measured rate) and
simulated muon fluxes through the surface of a sphere (unit detection ef-
ficiency at all angles), respectively, and R, and Ry are the measured and
simulated muon rates through the detector.

This scaling is based on the common inputs to our muon model, namely,
muon energy spectra and angular distributions at SURF. It also assumes that
muon transport through the detector and detector response are simulated
correctly in BACCARAT. Simulation of muon-induced cascades and their
development in and outside the detector has associated uncertainties that are
difficult to estimate. By requiring the energy deposition in the TPC to be
greater than 20 MeV, we have effectively selected events when a muon passes
through the TPC, removing a relatively small contribution of events when a
muon minimally clips off the TPC edge or only low-energy secondary particles
enter the TPC. No other energy cut for the TPC was included; therefore, all
events with a muon in the TPC, Skin and OD passing the energy thresholds
(both in data and simulations) are considered in the analysis.

The simulation of the muon track passing through the detector and
muon ionisation loss along the track is known to be handled accurately by
GEANT4. The detector response model has been validated by comparing
various backgrounds in data and simulations at keV-MeV energies (see, for
instance, Refs. [1, 2, 26]). Moreover, an accurate simulation of detector
response becomes non-critical because the rate of events does not include
information about energy deposition apart from the energy threshold.

The ratio of measured-to-simulated muon rates in Table 1 remains con-
stant within statistical uncertainty for TPC energy thresholds of 5-50 MeV.
For a TPC threshold of 20 MeV, the measured-to-simulated muon rate ratio
is 0.852 £ 0.014gat. £ 0.0174ys.. The systematic uncertainty associated with
the TPC energy conversion is estimated by varying the threshold asymmet-
rically in data and simulations: thresholds in data are increased (decreased)
while those in simulations are decreased (increased) by a factor of 1.5. The
resulting rate ratios are compared to the nominal value at 20 MeV, and the
largest difference is taken as the systematic uncertainty.

Using Eq. 1, the data-to-simulations rate ratio of 0.852 4+ 0.0144.¢. *+
0.0174ys., and the simulated muon flux of 6.16 x 10~ %cm™~?s™!, we derive the
value for the muon flux from the rate measurements as (5.25 + 0.09as. £
0.10gy5 ) x 1072 em™2s7 1.

This total muon flux is for the surface of the box where muons were
originally sampled in the simulations, namely 7 m into rock above the cavern
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for near vertical muons (the mean zenith angle of muons arriving at the LZ
detector is 27°). The flux depends on the position in and around the cavern.
Our simulations show that the muon flux at the top surface of the cavern is
about 3% lower than at 7 m into rock and is (5.09 £ 0.0844¢. £ 0.104,) X
10 %cm™2s~!. This flux is consistent with the measurement of muons by
the MAJORANA DEMONSTRATOR in the nearby cavern reported in Ref. [9]
((5.31 £ 0.174a5.) X 1072 cm™2s71).

The difference between the measured and simulated muon fluxes can be
attributed to a lower rock density used in simulations. We assume here that
the uncertainties in other inputs should not largely affect the muon flux. The
surface profile and laboratory position are known with sufficient accuracy.
The parametrisation of the muon energy spectrum and angular distribution
at the Earth’s surface [27] in our model is based on experimental data, and
the dependence of the muon flux on the distance travelled by muons in known
rocks was validated against the accurate measurements by the LVD detector
at LNGS [28] and other labs [12].

By attributing the lower measured muon flux to a higher average rock
density, we can estimate the realistic average rock density above and around
the LZ location. We calculated the muon flux at SURF using different rock
densities above the laboratory to match the reconstructed measurement. For
simplicity, a ‘flat’ surface profile was assumed in these simulations only, which
accounted for Earth’s curvature, but not for any features in the surface pro-
file. The simulated flux matches the measured one with an average rock den-
sity of (2.7740.01) g cm ™3, which is 2.5% higher than the initial muon model
assumption, but lower than that reported in Ref. [9] ((2.89 + 0.06) g cm™3).
Our density is lower than the measured value from Ref. [29] (2.85 g cm™3)
as an average for a 45° cone above the LZ location, but is still in agreement
within a 4% uncertainty in the overburden quoted in that paper.

The precise rock composition around and above the laboratory is not
known, and the rock is not uniform. Hence, choosing a different rock compo-
sition, for instance, the rock Yates amphibolite [30] present around the labo-
ratory (with (Z) = 12.6 and (A) = 25.3), results in a slightly different evalu-
ated density from our muon rate measurements, namely: (2.754+0.01) g cm ™.
The average of the two values can be taken as an estimate of the average rock
density and the difference between the two density values and their average
can be taken as an additional systematic uncertainty, resulting in a density
of (2.76 £ 0.014tat. + 0.0l ) g cm™3.
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6. Conclusions

The LZ experiment has measured the rate of muons passing through
the three detectors: TPC, Skin, and OD, as 10.94 + 0.18,,:. day ' with
energy thresholds of 20 MeV in the TPC and 8 MeV in the OD. This rate
is lower than calculated from the initial muon model by a factor of 0.852 +
0.014ga¢. £ 0.0175y. By scaling the simulated muon flux by the ratio of
data-to-simulated rates and extrapolating the flux to the top of the Davis
cavern we derived the muon flux from the measurements as (5.09 £ 0.084,. +
0.104ys.) X 107 em~2?s7!. Assuming that the difference between the measured
and calculated muon rates is due primarily to an unduly low rock density
used in the muon model and that the density is uniform above and around
the detector, the corrected rock density has been found as (2.76 4 0.01. £
0.01gs) g cm™2, 2.5% higher than in the initial model.
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