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This Letter presents a novel cosmic-ray scattering experiment employing a resistive plate chamber muon
tomography system. By introducing the scattering angle between incident and outgoing cosmic-ray tracks
as a key observable, this approach enables simultaneous studies of secondary cosmic-ray composition and
searching for new physics. During a 63-day campaign, 1.18 million cosmic ray scattering events were
recorded and analyzed. By performing combined template fits to the observed angular distribution, particle
abundances are measured—for example, resolving the electron component at ∼2% precision. Furthermore,
constraints are established on elastic muon–dark matter (DM) scattering cross sections for muonphilic dark
matter. At the 95% confidence level, the limit reaches 1.61 × 10−17 cm2 for 1 GeV slow DM,
demonstrating the sensitivity limit to light muon-coupled slow DM, in scenarios where a strongly
interacting dark matter component is captured and thermalized within Earth, leading to large surface
densities.
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Introduction—Cosmic rays are high-energy charged
particles originating from outer space, primarily composed
of protons, helium nuclei, and a small fraction of heavier
elements. Upon entering Earth’s atmosphere, these primary
cosmic rays interact with atmospheric nuclei, generating
cascades of secondary particles, such as muons, electrons,
photons, and neutrons, collectively known as extensive air
showers [1,2]. A portion of these secondary particles reach
Earth’s surface and constitute a significant component of
the natural background radiation at sea level.
Recent studies on secondary cosmic rays at sea level

primarily focus on the muonic component, which is the
most abundant [3–12]. While measurements of other
particles, such as electrons and photons, were conducted
over five decades ago, the limitations in detector tech-
nologies at that time led to significant uncertainties,
ranging from 10% to 20% [2,13,14]. Over the past two
decades, experimental data on these components have

been limited, leaving the particle composition at sea level
inadequately constrained. Accurate determination of the
relative abundances of secondary cosmic-ray particles is
crucial for understanding the energy spectrum and inter-
action mechanisms of primary cosmic rays, as well as for
evaluating the effects of environmental factors such as
solar activity, geomagnetic modulation, and atmospheric
conditions [15,16]. These measurements also play a vital
role in testing particle interaction models, assessing
ground-level radiation exposure, and developing cosmic
ray-based techniques such as muon imaging [3].
Particularly in searches using cosmic-ray muons as probes
for dark matter (DM) [17], a precise accounting of secon-
dary particle backgrounds is crucial for effective back-
ground suppression.
Muons provide a powerful link between fundamental

research and practical applications. Both cosmic-ray muons
and those generated at accelerators can be utilized to probe
physics beyond the standard model (SM). Despite the
remarkable success of the SM, it does not address several
fundamental questions, such as the origin of neutrino
masses and the nature of DM. In the absence of conclusive
evidence for heavy new particles predicted by various
extensions of the SM, attention has increasingly shifted
toward exploring new scenarios involving light DM can-
didates with masses less than around 10 GeV=c2, including
those with muon-specific interactions [18–21].
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Muon scattering experiments have remained relatively
rare to date. Early studies from the 1960s to the 1980s
primarily focused on nuclear structure [22]. More recent
scattering experiments, such as NA64μ [23] and MUonE
[24], have regained attention due to their potential to test
the SM and search for new physics. In this context, the
PKMu project at Peking University introduces a novel
approach to DM detection based on cosmic-ray muon
scattering [17,25]. In contrast to accelerator-based active
experiments, this Letter relies on passive cosmic-ray
observations, utilizing the naturally occurring cosmic rays.
If DM interacts preferentially with muons, it may deflect
their trajectories in a detectable manner. By measuring the
angular distribution of muon scattering events, it becomes
possible to search for signs of slow-moving, light, muon-
philic dark matter [26–28].
In this Letter, a muon scattering detection system based

on resistive plate chambers (RPCs) [29,30] is constructed.
Using this system, scattering measurements of cosmic-ray
muons under ambient conditions are performed. From the
angular distribution of muon deflections, the composition
of secondary cosmic rays at sea level (corresponding to an
altitude of approximately 44 m above sea level, as in
Beijing) is extracted. Furthermore, this method is used to
place constraints on the muon-DM scattering cross section,
demonstrating the feasibility of this approach for future
DM searches.
Experimental setup—The muon tomography system

employs large-area glass RPCs featuring submillimeter
spatial resolution—a technology developed by the authors
in 2012 [17,29,30] using inductor-capacitor (LC) delay-line
readout. This readout scheme routes signals collected by
each strip through a delay-line network, where the hit
position along one dimension is determined by the time
difference between signal arrivals at both ends of the line.
With two orthogonally oriented readout strips, a single RPC
detector achieves two-dimensional position reconstruction.
As shown in Fig. 1(a), four RPC detectors are arranged

vertically (Z direction) with spacings of 20, 50, and 20 cm,
forming the muon tomography system. Each RPC detector
provides a spatial resolution of 0.7 mm and a two-dimen-
sional position reconstruction efficiency of ∼85% over its
28 × 28 cm2 active area.
Two dedicated runs were conducted: Physics Run: 63-

day continuous data acquisition under laboratory air con-
ditions (nonvacuum), yielding 1.18 million effective events
(triggered by coincident T signals from top or bottom RPC
pairs with valid 2D positions in all layers). Control Run:
11-day background validation test with a lead block target
(two 12 × 12 × 3 cm3 blocks coverage: X∈ ½−120; 0� mm,
Y ∈ ½−120; 120� mm, positioned 150 mm above the third
RPC) [Fig. 1(b)].
Events were filtered to include only those with validated

2D positions across all four RPC layers. Data collection
began on February 12, 2025, with the Physics Run

providing the primary dataset for cosmic ray composition
test and dark matter searches, while the Control Run
constrained background models.
Simulation—The simulation framework combines CRY

(Cosmic-Ray Shower Generator) [31] for cosmic-ray gen-
eration and Geant4 [32] for particle transport and detector
modeling. The generated particle spectra and fluxes are
consistent with established simulations (e.g., CORSIKA

[33,34]) and reproduce sea-level measurements. The detec-
tor geometry and materials implemented in Geant4 match the
experimental setup.
The information required for analysis, such as particle

position, momentum, particle identification (PID), energy
deposition, and other attributes, is recorded as particles
traverse the signal-sensitive region of the RPC detector.
These data are subsequently used for screening complete
signals, calculating scattering angles, and reconstructing
scattering points via the point of closest approach (PoCA)
method [3]. The simulation accounts for the physical
interactions of particles with materials, such as air or other
metal materials, considering processes such as multiple
scattering, ionization, bremsstrahlung, pair production,
Coulomb scattering, and nuclear capture, which are tracked
and explicitly marked for further analysis.
Using the simulation framework described above, a

muon tomography system with identical dimensions,
materials, and configurations to the experimental setup
was simulated. The simulation included cosmic-ray scat-
tering in air and lead, accounting for muons, electrons,
photons, neutrons, pions, protons, and their antiparticles.
After incorporating the detector response, muons contribute
to the total rate by about 84.2%, while electrons and
positrons by about 12.1%. This is also in good agreement
with previous studies [35].
Result and analysis—By tracking the muon positions

across four RPC layers, its scattering angle θ can be

(a) (b)

FIG. 1. Experimental configurations. (a) Physics Run: four
vertically aligned glass RPCs (28 × 28 cm2) with spacings of 20,
50, and 20 cm; the muon scattering angle θ is defined. (b) Control
Run: two lead blocks (12 × 12 × 3 cm3) placed 150 mm
above the third RPC, centered at the origin (X∈ ½−120; 0� mm,
Y ∈ ½−120; 120� mm).
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determined if deflection occurs between the second and
third layers. The PoCA algorithm [3] is employed, which
approximates multiple scatterings as a single effective
interaction within the material (e.g., air). As shown in
Fig. 2, a substantial number of large-angle scattering events
occur on the RPC surfaces. These events are likely caused
by interactions with construction materials (e.g., concrete),
as detailed in Ref. [36]. (In addition, the presence of
construction materials reduces the fraction of electrons in
cosmic rays [37].) However, these events may introduce
significant bias in the search for DM and must therefore be
excluded. To suppress such contamination, the analysis is
restricted to events with scattering vertices located within the
fiducial volume defined by X, Y, Z∈ (−110 mm, 110 mm).
Initial simulations considered only muon scattering in air

and lead but underestimated events above 0.05 rad, sug-
gesting contributions from particles beyond muons. To
resolve this, later simulations included the full spectrum of
secondary cosmic rays—muons, electrons, photons, neu-
trons, pions, protons, and their antiparticles—consistent
with the sensitivity of RPCs to nonmuon particles [38]. For
both the Physics Run and Control Run configurations, 108

particles were generated, yielding approximately one mil-
lion effective events per case. An effective event is defined
as one where all four RPC layers record hits within their
sensitive regions. Hit positions are reconstructed from
energy deposition, with X and Y determined by energy-
weighted coordinates and smeared with Gaussian noise to

match the measured 0.7 mm resolution, while Z positions
are fixed at 450, 250, −250, and −450 mm [36].
In this Letter, the analysis is restricted to the angular

range of 0.05 to 0.5 rad. Scattering angles below 0.05 rad
are excluded because they are strongly affected by detector
angular resolution and dominated by multiple scatterings in
the materials, making it difficult to extract reliable infor-
mation about the scattering process. This region is also
primarily governed by Coulomb scattering rather than
potential DM interactions. Angles above 0.5 rad are
excluded due to limited statistics. Only muons and elec-
trons are considered in the analysis, as they are the
dominant components in the simulation. Other particles
are grouped together to reduce statistical fluctuations
caused by their low abundance. Although antiparticles
differ from their corresponding particles in the low-energy
region, the detector’s energy threshold suppresses these
contributions, leading to nearly identical detectable energy
spectra and very similar scattering angle distributions.
Therefore, particles and antiparticles are analyzed collec-
tively. The excluded angular regions and minor particle
species will be investigated in future analyses as improved
statistics and refined methods become available.
Achieving higher precision in DM searches with cosmic-

ray muons requires quantifying background composition.
To determine sea-level particle fractions, a combined fit is
applied using RooFit [39] to match simulated scattering
angle distributions of individual species to data. Only muon
and electron fractions are varied, while other components
are fixed due to their small contributions and negligible
impact on the results. It is confirmed that fixing these minor
components yielded results consistent with those obtained
when they are allowed to vary. Using this fitting method on
the Physics Run, the ratio between observed and MC
simulated distributions reaches 0.999� 0.007. The result-
ing particle composition is ð35.1� 5.2Þ% muons and
ð52.5� 2.5Þ% electrons, as shown in Fig. 3. (At small
scattering angles, the muon fraction becomes higher than
that of electrons.)
Using the same simulation framework described earlier,

the configuration of the Control Run, as shown in Fig. 1(b),
is replicated to obtain simulated cosmic-ray data under
identical detector conditions. This setup enables a clear
division of the scattering region into a lead block zone,
defined by scattering coordinates X∈ (−110 mm,
−50 mm), and an air zone, defined by X∈ (50 mm,
110 mm). Applying the same fitting method, it is found that
in the lead block region, muons account for ð96.6� 0.2Þ%
and electrons for ð0.7� 0.2Þ%. In the air region, the muon
and electron fractions are ð32.3� 1.4Þ% and
ð54.6� 1.4Þ%, respectively. The low electron fraction in
the lead block region is expected, as electrons are less
penetrating than muons and cannot traverse the lead to
reach the downstream RPC layers. The same fitting method
is applied to a Physics Run, with results shown in Fig. 3.

FIG. 2. PoCA position distribution in the Y-Z plane. Scattering
events with θ > 0.05 rad from the 63-day Physics RUN test. The
fiducial volume, delineated by a red dashed contour, is defined
within the coordinate range: X, Y, Z∈ (−110 mm, 110 mm).
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Restricting the scattering point range to the same X region
as the air zone in the Control Run data yields a muon
fraction of ð32.1� 1.3Þ% and an electron fraction of
ð54.6� 1.3Þ%, consistent with those observed in the
Control Run.
To evaluate the systematic uncertainty, the method’s

stability is tested by varying the angular range, scattering
volume, and treatment of other particle components. This
approach is analogous to transforming and calibrating a
control region to constrain the distribution in the signal
region [40]. Refitting the angular subset in the range of 0.1–
0.35 rad yields f1, the ratio of particle fractions before and
after the refitting. Similarly, selecting events within X, Y,
Z∈ (−100 mm, 100 mm) defines the ratio f2, and allowing
other components to vary defines f3. The combined
stability factor F ¼ f1f2f3 is used to quantify robustness.
Along with the fit uncertainty σfit, the relative contribution
of this method σall is given by Eq. (1), where Cfit is the
initially fitted particle fraction. The results are summarized
in Table I, where Cunfit is the particle fraction without any
fitted. Based on this fit, the relative contributions of
different particle species in secondary cosmic rays at sea
level were extracted.

σall ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

σfit
2 þ ðCfitj1 − FjÞ2

q

. ð1Þ

Based on the cosmic-ray composition extracted from the
measurements and the tomography system implemented in
the simulation framework, the scattering angle distributions
arising from interactions between sea-level cosmic-ray
muons and DM particles of varying masses are further

simulated. Figure 3 shows the scattering angle distribution
for a 1 GeV DM-muon interaction. The velocity distribu-
tion of DM is assumed to be 220 km=s, with a density of
0.3 GeV=cm3 [17], uniformly distributed in space. Model-
independent elastic scattering between muons and DM is
investigated under Newtonian mechanics. By applying the
principles of energy and momentum conservation, the
muon recoil energy Erecoil is derived as expressed in
Ref. [17]. Therefore, compared to other experiments such
as NA64μ [23], our results exhibit a higher degree of
independence from specific reaction models.
Traditional DM experiments, such as XENON1T [41]

and PandaX [42], treat atomic nuclei as quasistatic targets,
assuming DM to be the incident particle. In contrast, in this
experiment, the average energy of cosmic-ray muons at sea
level is approximately 3–4GeV, placing them in a relativistic
state. Therefore, from the perspective of the high-speed
incident muons, DM is essentially at rest.
The calculation of the muon-DM scattering cross

section requires several physical inputs. These include
the sea-level muon flux Fμ ≈ 1=60 s−1 cm−2, the DM
mass MDM, and a detection efficiency of ϵ1 ¼ ð53.68�
2.88Þ% for the full four-layer RPC system. In the
subsequent analysis, the same selection criteria used
in the fit are applied: scattering angles in the range of
0.05 to 0.5 rad and scattering positions within X, Y, Z∈
(−110 mm, 110 mm). Therefore, V is the sensitive
volume, given as 22 × 22 × 22 cm ¼ 10 648 cm3.
To further suppress the background, reconstructed

scattering points are required to lie within the sensitive
volume. Accordingly, Ωa is defined as the angular
acceptance probability for signal events under this
geometry, with values for different MDM assumptions
listed in Table II. Here, the detection efficiency does not
refer to the probability that all four detector layers are
triggered. Instead, since Ωa is defined as the fraction of
signal events where the lower two layers are triggered,
given that the upper two layers have already been
triggered, the relevant detection efficiency, ϵ2, corre-
sponds to the product of the efficiencies of the lower two
layers. This yields ϵ2 ¼ ð71.32� 2.57Þ%.

FIG. 3. Fitted θ distribution of Physics Run: data (black), total
MC (red), muons (blue), electrons (cyan), others (magenta).
Yellow bands indicate 1σ regions. The orange line shows the
simulated angular distribution for 1 GeV DM-muon scattering,
with the cross section set to approximately 10−3 cm2. Lower
panel shows the ratios between the observed data and the MC
predictions with a constant fit (red line).

TABLE I. Systematic uncertainty components for sea-level
secondary cosmic-ray muon and electron fractions.

Particle type μ e

Cunfit 32.2% 55.4%
Cfit 35.2% 52.5%
σfit 0.5% 0.5%
f1 1.2 1.0
f2 1.0 1.0
f3 1.0 1.1
F 1.2 1.0
σall 5.2% 2.5%
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Equation (2) follows from the above considerations.

dN=dt ¼ ρV=MDM × σμ;DM × Fμ × ϵ1 ×Ωa × ϵ2. ð2Þ

However, if a strongly interacting dark matter component is
captured and thermalized within Earth, its local surface
density can be enormously enhanced for DMwith a mass of
1 GeV, the density may increase by a factor of 1015 [26,27].
To account for this possibility, an enhancement factor fE ¼
1015 is introduced, such that DE ¼ fEρ=DDM, where DE
denotes the number density of the exotic slow DM under
investigation, and DDM is the MDM in unit GeV.
A binned maximum likelihood fit is performed on the

observed, background, and signal samples using the Higgs
COMBINE statistical analysis tool [43]. The CLs method is
applied to set the upper limit (UL) [44,45]. Since the
total number of events measured in the experiment is given
by Nall ¼ Fμ × ϵ1 × t × A, where A ¼ 22 × 22 cm ¼
484 cm2, Eq. (2) can be extended to

σμ;DM ¼ NMDMA
ρVNallΩaϵ2fE

: ð3Þ

Using Eq. (3), the DM-muon elastic scattering cross section
is calculated, and the results are shown in Fig. 4. In the
uncertainty estimation, both the systematic uncertainty
from the fitting method and the statistical uncertainties
associated with each term in Eq. (3), are taken into account.
The figure displays the expected and observed 95% con-
fidence level (CL) upper limits on the DM-muon scattering
cross section, based on the cosmic-ray scattering data
collected under laboratory air conditions. For a 1 GeV
DM particle, the upper limit on the scattering cross section
is approximately 1.62 × 10−17 cm2.
Summary and outlook—In this Letter, an RPC-based

muon tomography system was deployed for high-precision
angular scattering measurements of cosmic-ray muons at
sea level. Combining detailed simulations and a multi-
template fitting procedure, this Letter resolved the relative
abundances of secondary cosmic-ray muons and electrons

with good precision—reaching ∼2% for the electron
component. This resolution mitigates long-standing uncer-
tainties in sea-level particle composition and establishes the
muon tomography system as a powerful tool for cosmic-ray
spectroscopy.
Furthermore, we pioneered a direct probe for light

muonphilic dark matter via cosmic-ray muon–DM elastic
scattering. Applying a model-independent analysis frame-
work to the 63-day Physics Run data, this Letter derived
constraints on the slow DM-muon cross section across the
0.1–10 GeV mass range. For 1 GeV DM, the 95% CL limit
reaches 1.61 × 10−17 cm2, demonstrating sensitivity to
sub-GeV DM couplings. Future operation with higher
statistics is expected to improve the determination of
secondary cosmic-ray composition, enabling sensitivity
to additional particle species. In parallel, to enhance the
sensitivity of DM searches, efforts will focus on experi-
ments utilizing high-intensity, well-collimated muon
beams, along with extended cosmic-ray runs employing
larger detectors and longer exposure times. With an
enlarged detector volume of up to 1 m3, an extended
operation period of approximately one year, and by further
incorporating the full scattering angle range, the overall
sensitivity is expected to improve by nearly 4–5 orders of
magnitude. Such an improvement would allow this model-
independent approach to probe unexplored regions of
parameter space in muonphilic dark matter scenarios and
potentially surpass existing limits from beam experiments
in the GeV mass range and beyond.

TABLE II. Signal angular acceptance probabilities for different
MDM assumptions.

MDM (GeV) Ωa (%)

1 × 10−2 66.7� 1.3
5 × 10−2 67.1� 1.3
1 × 10−1 67.1� 1.3
5 × 10−1 69.2� 1.3
1 × 100 67.2� 1.3
5 × 100 63.8� 1.3
1 × 101 63.8� 1.2
5 × 101 63.8� 1.2
1 × 102 62.7� 1.2

FIG. 4. Expected and observed 95% CL upper limits on the
DM-muon interaction cross section versus MDM, assuming a
local DM density enhancement factor of 1015 arising from Earth-
bound thermalized component. The green and yellow bands
represent the 1σ and 2σ regions, respectively.
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