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We present the strongest limits to date on the mixing angle, θ, with which a new scalar particle,
S, mixes with the Higgs field in the mass range 110MeV < mS < 155MeV. This result uses the
MicroBooNE liquid argon time projection chamber to search for decays of these Higgs-portal scalar
particles through the S → e+e− channel with the decays of kaons in the NuMI neutrino beam acting
as the source of the scalar particles. The analysis uses an exposure of 7.01× 1020 protons on target
of NuMI beam data including a period when the beam focusing system was configured to focus
positively charged hadrons and a separate period when negatively charged hadrons were focused.
The analysis searches for scalar particles produced from kaons decaying in flight in the beam’s decay
volume and at rest in the target and absorber. At mS = 125MeV (mS = 150MeV) we set a limit
of θ < 2.65× 10−4 (θ < 1.72× 10−4) at the 95% confidence level.

I. INTRODUCTION

The exceptional imaging and particle-identification
capabilities of liquid-argon time projection chambers
(LArTPCs) enable a broad program of searches for
physics beyond the Standard Model (SM) [1–10]. The
existence of dark matter (DM) [11, 12] motivates many
models of new physics. With the absence of direct obser-
vations of weakly interacting massive particles [13–15] as
dark matter candidates, models are being developed that
propose additional sectors of DM particles that couple to
the SM through new forces [16–18]. In this paper, we
use the MicroBooNE detector [19], exposed to the Neu-
trinos from the Main Injector (NuMI) beam [20], to test
a model in which the Higgs field acts as a portal to a new
sector of particles [21, 22].

The Higgs-portal model predicts the existence of an
invisible sector of particles, which can act as DM can-
didates. This invisible sector couples to the SM only
through the Higgs terms in the SM Lagrangian. This
coupling proceeds through a new scalar singlet state S,
which mixes with the SM Higgs boson through a mixing
angle θ. The mixing angle θ and the mass of the scalar,
mS , are free parameters of the model.

We assume that the scalar particle S is produced in the
decays of K± mesons in the NuMI beam before it then
decays in the MicroBooNE detector (Fig. 1). Both the
branching ratio for the production of the S and the life-
time of the S are proportional to θ2 [22]. In this analysis,
we search for the decay S → e+e−. Since the S would
be produced in K → πS decays, the kinematic limits for
this decay channel are 2me < mS < mK − mπ. In this
analysis, we restrict our search range to 100 MeV< ms <

∗ microboone info@fnal.gov
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FIG. 1. The dominant production channel for Higgs-portal
scalar particles, S, is from kaon decays in the NuMI beam [22].
The e+e− decay mode of S is the search mode of interest for
this study. Here q = u, d as both charged and neutral kaons
contribute to production, and u, d, s, t refer to the up, down,
strange and top quarks.

211 MeV, since the E949 [23] and NA69 [24] collabora-
tions have published strong exclusions for lower masses,
and the dominant decay mode in the range mS > 2mµ

is S → µ+µ−, which leaves the e+e− decay mode less
sensitive.

II. MICROBOONE IN THE NUMI BEAM

The MicroBooNE LArTPC [19] has an active volume
of 2.3 × 2.6 × 10.4 m3. We define a fiducial volume at a
distance of 10 cm from each edge of the active volume and
only analyze decay vertices within this fiducial volume.
We use the Pandora pattern recognition package [25] to
reconstruct candidates coincident in time with a NuMI
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FIG. 2. A schematic of the NuMI beamline, showing the location of the MicroBooNE detector with respect to the NuMI target,
decay pipe, and hadron absorber. The schematic on the left shows an elevation view; the right schematic shows a plan view.
Figure adapted from Ref. [3].

beam spill that passes a trigger selection based on the
detector’s optical system. During MicroBooNE’s third
running period (Run 3), a cosmic ray tagger (CRT) sys-
tem of scintillator panels surrounding the LArTPC was
commissioned, and its data was used to aid in vetoing
cosmic muons.

A schematic of the NuMI beamline [20], located at
the Fermi National Accelerator Laboratory (Fermilab),
is shown in Fig. 2. Protons with an energy of 120 GeV
are incident on a graphite target resulting in the produc-
tion of hadrons. Two magnetic horns focus the charged
hadrons along a 675 m long helium-filled decay pipe.
Hadrons that reach the end of the decay pipe before
decaying are stopped by an aluminium, steel, and con-
crete absorber of 5.6 m height, 5.5 m width, and 8.5 m
depth. This analysis uses 2.00 × 1020 protons-on-target
(POT) of exposure from MicroBooNE’s first running pe-
riod (Run 1), in which the NuMI focusing horns were con-
figured to focus positively charged hadrons along the de-
cay pipe, as well as 5.01 × 1020 POT of data from Micro-
BooNE’s third running period (Run 3), in which the
NuMI focusing horns were configured to focus negatively
charged hadrons along the decay pipe.

Figure 2 shows the location of the MicroBooNE de-
tector relative to the components of the NuMI beam.
Figure 3 shows event displays of the simulated decays
in the MicroBooNE detector of scalar particles produced
in three locations in the NuMI beamline. Depending on
their production point along the beamline, these particles
will enter the detector from different directions. Scalar
particles from a kaon decay at rest (KDAR) in the NuMI
target will arrive at an angle of 8◦, and those originating
from KDAR in the NuMI absorber will arrive at ∼ 120◦.
Particles from kaon decay in flight (KDIF) in the decay
region downstream of the target will arrive at an angle

between 8◦ and ∼ 120◦. KDIF events are concentrated
towards smaller angles because the charged mesons are
focused down the NuMI beamline, so scalars reaching
MicroBooNE are predominantly from less off-axis kaons.
Scalar production by KDAR is spherically symmetric,
meaning a large number of scalars originate from the
nearby absorber, located a distance of 100 m from the
detector, whereas a smaller number of scalars originate
from the NuMI target, located a distance of 680 m from
the detector.

Simulation of the NuMI beam flux at MicroBooNE has
been described in detail elsewhere [26]. The flux of neu-
trinos through the MicroBooNE detector, which forms
the main background for this search, is predicted by a
GEANTv4.9.2 [27, 28] simulation of the NuMI beamline,
adjusted by the PPFX package [29]. Updates to the NuMI
flux model are discussed in [30], including an update to
GEANTv4.10.4 and target hall geometry, but are not in-
cluded in this work. Simulation of the scalar particle flux
uses the same GEANT4 simulation as for the kaon parents,
and kaon decays to scalar particles are simulated accord-
ing to the kinematics as described in Ref. [22].

The rate of KDAR in the NuMI absorber uses the pre-
diction from the MiniBooNE collaboration, and was cho-
sen because this prediction is consistent with the Mini-
BooNE measured KDAR charged current νµ rate [31].
Between the MiniBooNE and MicroBooNE operating pe-
riods, the NuMI beam changed from a 96 cm to 120 cm
graphite target, reducing the rate of KDAR at the ab-
sorber. To account for this, an additional scaling factor
is introduced. Production of scalar particles with a mass
of 150 MeV is shown for each of the data-taking peri-
ods in Fig. 4. KDIF produces 52% of the simulated flux
of scalar particles, with KDAR producing the remaining
48%.
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FIG. 3. Three simulated decays of Higgs-portal scalar particles with masses of 200MeV into e+e− pairs. Top: a scalar produced
from kaon decay at rest in the NuMI target. Middle: a scalar produced from kaon decay in flight in the NuMI decay pipe.
Bottom: a scalar produced from kaon decay at rest in the NuMI hadron absorber.

III. IDENTIFYING SCALAR BOSON DECAYS
IN THE MICROBOONE DETECTOR

The e+e− topology should result in two shower-like
clusters of activity, as shown in Fig. 3. However, fewer
than half of simulated scalar boson decays result in two
separate showers reconstructed by Pandora. In a signif-
icant fraction of cases the two showers overlap and are
reconstructed as a single shower. We therefore divide
our beam-like interactions into two samples: those with
two reconstructed shower-like clusters and those with one
reconstructed shower-like cluster. Interactions with no
reconstructed showers are rejected.

Neutrino interactions that mimic the e+e− topology
are the main source of background. A further signifi-
cant source of background are cosmic-ray muons passing
through the detector. Due to the considerable cosmic
flux, a number of muons mimic the single reconstructed
shower signal topology, and to a lesser extent the two-
shower topology. The Pandora pattern recognition pack-
age assigns a score to each candidate interaction that
indicates whether it is cosmic-like or beam-like. We use
this score, along with information from the CRT system
when available, to isolate a sample of beam-like interac-
tions.

To select signal-enhanced samples for analysis, a num-
ber of boosted decision trees (BDTs) are used. These

BDTs are trained on a full Monte Carlo simulation of the
MicroBooNE detector with separate simulated samples
of background neutrino interactions and signal Higgs-
portal scalar decays. Onto both of these simulated sam-
ples are overlaid data events taken with no beam pass-
ing through the detector in order to provide the simu-
lations with realistic cosmic muons and detector noise.
The interactions of neutrinos in the detector are sim-
ulated with the GENIEv3.0.6 G18 10a 02 11a [32, 33]
generator modified with a custom tune of the interaction
cross-sections on argon [34]. Particles exiting the sim-
ulated nucleus are propagated through a detector sim-
ulated with GEANTv4.10.3.p03c [27, 28]. The decays
of Higgs-portal scalar particles in the detector are sim-
ulated with custom-written code, and the particles re-
sulting from the decay are, as for the case of neutrino
interactions, propagated through the same detector sim-
ulation, implemented in LArSoft [35].

We train separate BDTs to discriminate KDIF and
KDAR topologies from background using information
such as the direction of the interaction. For each scalar
mass under investigation (given in Tab. I), eight separate
BDTs are trained according to beam polarity and signal
topology:

• Run 1, two-shower KDIF topology,

• Run 1, two-shower KDAR topology,
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FIG. 4. The production mechanism of simulated Higgs-portal
scalar particles (mS = 150MeV) for (a) Run 1, in which
the NuMI horns are configured to focus positively charged
mesons; (b) Run 3, in which the NuMI horns are configured
to focus negatively charged mesons.

(a)

(b)

• Run 1, one-shower KDIF topology,

• Run 1, one-shower KDAR topology,

• Run 3, two-shower KDIF topology,

• Run 3, two-shower KDAR topology,

• Run 3, one-shower KDIF topology, and

• Run 3, one-shower KDAR topology.

A pre-training is performed using a large number of vari-
ables to select 28 variables with the highest importance
weights. Each BDT is then trained using these 28 vari-
ables, and the relative importance of the variables in
each BDT will depend on the target topology. Figure 5
shows the agreement between data and simulation for
three variables that are typically the most important:
the reconstructed energy recorded by the TPC collection
plane, and the momentum fraction of the leading shower
in the x and z directions, where z is the direction of the
detector axis, y points vertically upwards, and x points
from the anode to the cathode of the TPC. These three
distributions show the distinguishing power between sig-
nal and background of these variables and illustrate the
good agreement between data and simulation. The sig-
nal distributions are shown separately for scalar particles

from KDAR and KDIF to illustrate why separate BDT
trainings are performed to discriminate KDIF and KDAR
topologies. The samples are primarily distinguished by
the mono-energetic nature of scalars from KDAR and the
differing incoming angle distributions. KDIF scalars are
produced close to the target, whereas KDAR scalars are
produced predominantly at the absorber.

Figure 6 shows the four BDTs trained for the search
in the Run 3 sample at a scalar mass of 150 MeV. Good
agreement is observed between the data and the back-
ground simulation across the full range of BDT values.
The BDT can be seen to provide good separation between
simulated signal and background events, particularly for
the two-shower samples. The consistency between data
and background prediction show no evidence of scalar
decays within the MicroBooNE detector. Therefore this
analysis will set limits on the Higgs-portal scalar param-
eter space.

In comparison to the previous MicroBooNE search for
Higgs-portal scalar particles decaying into e+e− pairs [2],
which used an exposure of 1.93× 1020 POT of data from
the NuMI beam in the Run 1 period, this analysis uses
significantly more data. The previous search consid-
ered only mono-energetic scalar particles produced from
KDAR in the NuMI absorber, whereas in this work we
consider mono-energetic scalar particles produced from
KDAR in both the NuMI target and absorber as well as
scalar particles produced from KDIF in the NuMI decay
volume, which will have a range of energies. The previ-
ous analysis was a purely topological search, while the
study presented here uses significant additional informa-
tion such as the reconstructed energy of the showers, and
uses improved selection algorithms that rely on Pandora-
based tools [25] to identify shower-like objects using the
new BDTs described above to suppress background.

IV. SYSTEMATIC UNCERTAINTIES

The dominant sources of systematic uncertainty at
MicroBooNE arise from the modeling of the NuMI beam
flux, neutrino background cross sections, modeling of
the propagation of particles within the detector volume,
and modeling of the detector response. The PPFX pack-
age [29], used to predict the flux of hadrons in the NuMI
beam, provides uncertainties on that flux arising from
uncertainties on the production of hadrons in the NuMI
target and the geometry of the beam focusing system.
The full suite of uncertainties is applied to the simulated
neutrino-induced background.

Uncertainties on the production of kaons impact the
simulation of the Higgs-portal scalar signal. The PPFX
package provides an energy-dependent uncertainty on
kaons produced in the NuMI target. On charged kaons
produced downstream of the target, a 40% uncertainty is
assigned based on model spreads in the absence of data.
Approximately 30% of the Higgs-portal scalar flux arises
from K0

L decays.
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FIG. 5. Three of the BDT input variables, shown for events in Run 3 trained for a scalar mass of 150MeV. (a) The reconstructed
energy recorded in the TPC collection plane, the wires of which are oriented in the in the y-direction, for one-shower events.
(b) The reconstructed energy recorded in the TPC collection plane for two-shower events. (c) The momentum fraction, in the
x-direction, of the shower for one-shower events. (d) The momentum fraction, in the x-direction, of the highest-energy shower
for two-shower events. (e) The momentum fraction, in the z-direction, of the shower for one-shower events. (f) The momentum
fraction, in the z-direction, of the highest-energy shower for two-shower events.
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masses of 150MeV in the Run 3 dataset. The quadrature sum of the uncertainties on the background prediction is shown by
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The PPFX prediction uses isospin symmetry to infer
the neutral kaon flux based on charged kaon data [36]
but assigns no uncertainty. To conservatively account
for the systematic uncertainty introduced by the charged
kaon rates and the uncertainty due to assumptions made
in the flux calculation, an uncertainty of 100% is given
for Higgs-portal scalar particles produced by K0

L decays.
A 30% uncertainty is assigned to the rate of KDAR in
the NuMI absorber. This is derived from the 30% model
spread between the MARS [37], FLUKA [38], and GEANT4 [27,
28] simulations as described in [31].

Uncertainties on the neutrino-induced background
arising from interaction cross-section modeling are de-
scribed in [34]. Uncertainties on particle propa-
gation through the detector are assessed using the
GEANT4Reweight package [39]. Uncertainties on the re-
sponse of the detector to ionization are simulated as de-
scribed in [40]. Uncertainties on the detector’s electric
field map arising from a space charge effect and on charge
recombination are separately accounted for. The scintil-
lation light-yield uncertainty is estimated by modeling
a 25% decrease in light yield. An uncertainty on the
Rayleigh scattering length of argon is evaluated by vary-
ing this quantity from 60 cm to 90 cm. Uncertainties on
the attenuation length of scintillation light in argon are
accounted for based on an observed decline in light levels
over the course of detector operations. An uncertainty on
the background arising from neutrino interactions outside
the active detector region is also incorporated. All of the
aforementioned systematic uncertainties are summed in
quadrature, the total of which is shown in Fig. 6 as a
function of the BDT score.

V. RESULTS

The limits on θ are obtained using the semi-frequentist
CLS method [41, 42] as implemented in the pyhf limit-
setting software framework [43–45]. At each scalar-
particle mass, the pyhf package uses the six highest-score
bins from each of the eight BDT distributions, and scales
the signal contributions simultaneously across these dis-
tributions to set limits on θ. These limits are shown in
Fig. 7 and Tab. I: when compared to the expected limits,
they are consistent with the ±1σ expectation. Figure 8
compares the limits set in this work to pre-existing limits
from other experiments. We set the strongest limits to
date on θ in the mass range 110 MeV < mS < 155 MeV:
this is the region around the π0 mass, in which the
NA62 [24] and E949 [23] limits are significantly weak-
ened by π0 backgrounds. The previous strongest direct
limit in this region is that set by a previous MicroBooNE
search [2]. A reinterpretation of PS191 data [46] also has
a similar sensitivity to the previous MicroBooNE result.

Previous limits on the existence of Higgs-portal scalar
particles have been set by the BELLE-II [47], E949 [23],
LHCb [48, 49], NA62 [24] and ICARUS [50] experiments,
and by the MicroBooNE experiment through the e+e− [2]

100 120 140 160 180 200
Scalar mass [MeV]

2 × 10 4

3 × 10 4

4 × 10 4

 L
im

it 
at

 9
5%

 C
.L

.

MicroBooNE Data 7.01 × 1020 POT
Observed
Expected

Exp. 2
Exp. 1

FIG. 7. Limits set by this analysis on the mixing angle θ that
governs the coupling of an invisible sector to the Higgs term
in the SM Lagrangian. The limits are presented as a function
of the mass, mS , of the observable new scalar particle S that
would result from such a coupling, and are compared with the
expected limits.

TABLE I. Observed and expected limits on the mixing angle
θ, as a function of the mass, mS , of the scalar particle S.

mS 95% C.L. limit
(MeV) on θ (×10−4)

Observed Expected

100 3.25 3.13+0.59
−0.49

125 2.65 2.60+0.49
−0.40

130 2.27 2.49+0.46
−0.38

135 2.38 2.43+0.45
−0.37

140 2.25 2.24+0.42
−0.34

145 2.01 2.18+0.42
−0.34

150 1.72 2.04+0.39
−0.31

200 1.85 1.59+0.27
−0.26

and µ+µ− [3] decay channels. The previous MicroBooNE
e+e− result is the direct predecessor to this analysis.
Additional constraints have been made by reinterpreting
data from the CHARM [51] and PS191 [46] experiments.
All these existing limits are shown in Fig. 8. Addition-
ally, not shown on the figure, some regions of small mS

and small θ can be excluded from cosmological consider-
ations [52].

VI. CONCLUSIONS

We have presented limits on the mixing angle θ that
describes the coupling, through the Higgs mass term in
the SM Lagrangian, of an invisible sector that could pro-
vide a source of dark matter particles. These limits have
been set through a search for a new scalar singlet particle,
S, that would be produced in kaon decays in the NuMI
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FIG. 8. The 95% C.L. limits on the mixing angle θ set by this analysis, as previously shown in Fig. 7, compared to limits set by
previous measurements. Shown are direct limits set by the Belle-II [47], E949 [23], LHCb [48, 49], NA62 [24] and ICARUS [50]
experiments, and previous limits from MicroBooNE [2, 3]. Limits are also shown from reinterpretations of data from the
CHARM [51] and PS191 [46] experiments. Limits from E949, NA62, PS191 and ICARUS, and the MicroBooNE µ+µ− limit,
are at 90% C.L. All other limits are at 95% C.L.

beam and be detected through its decays to e+e− pairs in
the MicroBooNE LArTPC. This work uses kaons decay-
ing in flight within the beam’s decay volume, at rest in
the target, and within the absorber. This approach sig-
nificantly increases the expected scalar flux compared to
previous limits set by MicroBooNE [2, 3]. The limit cor-
responds to 7.01 × 1020 protons on target from the NuMI
beam, representing around one third of the total NuMI
data recorded by MicroBooNE. The complete dataset has
now been processed and is expected to increase the sen-
sitivity of future limits. In this paper, we present the
strongest limit to date on the mixing parameter θ in the
mass range 110 MeV < mS < 155 MeV.

ACKNOWLEDGEMENTS

This document was prepared by the MicroBooNE col-
laboration using the resources of the Fermi National Ac-
celerator Laboratory (Fermilab), a U.S. Department of
Energy, Office of Science, HEP User Facility. Fermilab is

managed by Fermi Research Alliance, LLC (FRA), acting
under Contract No. DE-AC02-07CH11359. MicroBooNE
is supported by the following: the U.S. Department of
Energy, Office of Science, Offices of High Energy Physics
and Nuclear Physics; the U.S. National Science Foun-
dation; the Swiss National Science Foundation; the Sci-
ence and Technology Facilities Council (STFC), part of
the United Kingdom Research and Innovation; the Royal
Society (United Kingdom); the UK Research and Innova-
tion (UKRI) Future Leaders Fellowship; and The Euro-
pean Union’s Horizon 2020 Marie Sk lodowska-Curie Ac-
tions. Additional support for the laser calibration system
and cosmic ray tagger was provided by the Albert Ein-
stein Center for Fundamental Physics, Bern, Switzerland.
We also acknowledge the contributions of technical and
scientific staff to the design, construction, and operation
of the MicroBooNE detector as well as the contributions
of past collaborators to the development of MicroBooNE
analyses, without whom this work would not have been
possible. For the purpose of open access, the authors
have applied a Creative Commons Attribution (CC BY)
licence to any Author Accepted Manuscript version aris-
ing from this submission.

[1] P. Abratenko et al. (MicroBooNE), Search for Heavy
Neutral Leptons Decaying into Muon-Pion Pairs in the

MicroBooNE Detector, Phys. Rev. D 101, 052001 (2020),

https://doi.org/10.1103/PhysRevD.101.052001


10

arXiv:1911.10545 [hep-ex].
[2] P. Abratenko et al. (MicroBooNE), Search for a Higgs

portal scalar decaying to electron-positron pairs in the
MicroBooNE Detector, Phys. Rev. Lett. 127, 151803
(2021), arXiv:2106.00568 [hep-ex].

[3] P. Abratenko et al. (MicroBooNE), Search for long-lived
heavy neutral leptons and Higgs portal scalars decaying
in the MicroBooNE detector, Phys. Rev. D 106, 092006
(2022), arXiv:2207.03840 [hep-ex].

[4] P. Abratenko et al. (MicroBooNE), Search for Heavy
Neutral Leptons in Electron-Positron and Neutral-Pion
Final States with the MicroBooNE Detector, Phys. Rev.
Lett. 132, 041801 (2024), arXiv:2310.07660 [hep-ex].

[5] P. Abratenko et al. (MicroBooNE), First Search for
Dark-Trident Processes Using the MicroBooNE Detector,
Phys. Rev. Lett. 132, 241801 (2024), arXiv:2312.13945
[hep-ex].

[6] R. Acciarri et al. (ArgoNeuT), First Constraints on
Heavy QCD Axions with a Liquid Argon Time Projection
Chamber Using the ArgoNeuT Experiment, Phys. Rev.
Lett. 130, 221802 (2023), arXiv:2207.08448 [hep-ex].

[7] H. Carranza et al. (ICARUS), Search for Inelastic
Boosted Dark Matter with the ICARUS Detector at the
Gran Sasso Underground National Laboratory (2024),
arXiv:2412.09516 [hep-ex].

[8] P. Abratenko et al. (MicroBooNE), First Constraints on
Light Sterile Neutrino Oscillations from Combined Ap-
pearance and Disappearance Searches with the Micro-
BooNE Detector, Phys. Rev. Lett. 130, 011801 (2023),
arXiv:2210.10216 [hep-ex].

[9] R. Acciarri et al. (ArgoNeuT), Improved Limits on
Millicharged Particles Using the ArgoNeuT Experiment
at Fermilab, Phys. Rev. Lett. 124, 131801 (2020),
arXiv:1911.07996 [hep-ex].

[10] R. Acciarri et al. (ArgoNeuT), New Constraints on Tau-
Coupled Heavy Neutral Leptons with Masses mN =
280–970 MeV, Phys. Rev. Lett. 127, 121801 (2021),
arXiv:2106.13684 [hep-ex].

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

[12] G. Bertone and D. Hooper, History of dark matter, Rev.
Mod. Phys. 90, 045002 (2018).

[13] E. Aprile et al. (XENON), Dark matter search re-
sults from a one ton-year exposure of XENON1T, Phys.
Rev. Lett. 121, 111302 (2018), arXiv:1805.12562 [astro-
ph.CO].

[14] X. Cui et al. (PandaX-II), Dark Matter Results from
54-Ton-Day Exposure of PandaX-II Experiment, Phys.
Rev. Lett. 119, 181302 (2017), arXiv:1708.06917 [astro-
ph.CO].

[15] D. S. Akerib et al. (LUX), Results from a Search for Dark
Matter in the Complete LUX Exposure, Phys. Rev. Lett.
118, 021303 (2017), arXiv:1608.07648 [astro-ph.CO].

[16] M. Pospelov, A. Ritz, and M. Voloshin, Secluded
WIMP dark matter, Phys. Lett. B 662, 53 (2008),
arXiv:0711.4866 [hep-ph].

[17] J. Alexander et al., Dark Sectors 2016 Workshop: Com-
munity Report (2016), arXiv:1608.08632 [hep-ph].

[18] G. Lanfranchi, M. Pospelov, and P. Schuster, The Search
for Feebly Interacting Particles, Annu. Rev. Nucl. Part.
Sci. 71, 279 (2021), arXiv:2011.02157 [hep-ph].

[19] R. Acciarri et al. (MicroBooNE), Design and construc-
tion of the MicroBooNE detector, J. Instrum. 12, P02017
(2017), arXiv:1612.05824 [physics.ins-det].

[20] P. Adamson et al., The NuMI neutrino beam, Nucl.
Instrum. Meth. A 806, 279 (2016), arXiv:1507.06690
[physics.acc-ph].

[21] B. Patt and F. Wilczek, Higgs-field Portal into Hidden
Sectors (2006), arXiv:hep-ph/0605188 [hep-ph].

[22] B. Batell, J. Berger, and A. Ismail, Probing the
Higgs portal at the Fermilab short-baseline neu-
trino experiments, Phys. Rev. D 100, 115039 (2019),
arXiv:1909.11670 [hep-ph].

[23] A. V. Artamonov et al. (BNL-E949), Study of the decay
K+ → π+νν̄ in the momentum region 140 < Pπ < 199
MeV/c, Phys. Rev. D 79, 092004 (2009), arXiv:0903.0030
[hep-ex].

[24] E. Cortina Gil et al. (NA62), Search for a feebly inter-
acting particle X in the decay K+ → π+X, JHEP 03,
058 (2021), arXiv:2011.11329 [hep-ex].

[25] R. Acciarri et al. (MicroBooNE), The Pandora multi-
algorithm approach to automated pattern recognition of
cosmic-ray muon and neutrino events in the MicroBooNE
detector, Eur. Phys. J. C 78, 82 (2018), arXiv:1708.03135
[hep-ex].

[26] P. Abratenko et al. (MicroBooNE), Measurement of the
flux-averaged inclusive charged-current electron neutrino
and antineutrino cross section on argon using the NuMI
beam and the MicroBooNE detector, Phys. Rev. D 104,
052002 (2021), arXiv:2101.04228 [hep-ex].

[27] S. Agostinelli et al. (GEANT4), GEANT4—a simulation
toolkit, Nucl. Instrum. Meth. A 506, 250 (2003).

[28] J. Allison et al., Recent developments in GEANT4, Nucl.
Instrum. Meth. A 835, 186 (2016).

[29] L. Aliaga et al. (MINERvA), Neutrino flux predic-
tions for the NuMI beam, Phys. Rev. D 94, 092005
(2016), [Addendum: Phys. Rev. D 95, 039903 (2017)],
arXiv:1607.00704 [hep-ex].

[30] MicroBooNE collaboration, Updates to the NuMI
Flux Simulation at MicroBooNE (2024), FERMILAB-
MICROBOONE-NOTE-1129-PUB, FERMILAB-FN-
1253-PPD.

[31] A. A. Aguilar-Arevalo et al. (MiniBooNE), First mea-
surement of monoenergetic muon neutrino charged cur-
rent interactions, Phys. Rev. Lett. 120, 141802 (2018),
arXiv:1801.03848 [hep-ex].

[32] C. Andreopoulos et al. (GENIE), The GENIE neutrino
Monte Carlo generator, Nucl. Instrum. Meth. A 614, 87
(2010), arXiv:0905.2517 [hep-ph].

[33] J. Tena-Vidal et al. (GENIE), Neutrino-nucleon cross-
section model tuning in GENIE v3, Phys. Rev. D 104,
072009 (2021), arXiv:2104.09179 [hep-ph].

[34] P. Abratenko et al. (MicroBooNE), New CC0π GENIE
model tune for MicroBooNE, Phys. Rev. D 105, 072001
(2022), arXiv:2110.14028 [hep-ph].

[35] E. L. Snider and G. Petrillo, LArSoft: Toolkit for Sim-
ulation, Reconstruction and Analysis of Liquid Argon
TPC Neutrino Detectors, J. Phys. Conf. Ser. 898, 042057
(2017).

[36] M. Bonesini, A. Marchionni, F. Pietropaolo, and
T. Tabarelli de Fatis, On Particle production for high-
energy neutrino beams, Eur. Phys. J. C 20, 13 (2001),
arXiv:hep-ph/0101163.

[37] N. V. Mokhov, Recent MARS15 Developments: Nuclide
Inventory, DPA and Gas Production, in 46th ICFA Ad-

https://arxiv.org/abs/1911.10545
https://doi.org/10.1103/PhysRevLett.127.151803
https://doi.org/10.1103/PhysRevLett.127.151803
https://arxiv.org/abs/2106.00568
https://doi.org/10.1103/PhysRevD.106.092006
https://doi.org/10.1103/PhysRevD.106.092006
https://arxiv.org/abs/2207.03840
https://doi.org/10.1103/PhysRevLett.132.041801
https://doi.org/10.1103/PhysRevLett.132.041801
https://arxiv.org/abs/2310.07660
https://doi.org/10.1103/PhysRevLett.132.241801
https://arxiv.org/abs/2312.13945
https://arxiv.org/abs/2312.13945
https://doi.org/10.1103/PhysRevLett.130.221802
https://doi.org/10.1103/PhysRevLett.130.221802
https://arxiv.org/abs/2207.08448
https://arxiv.org/abs/2412.09516
https://arxiv.org/abs/2412.09516
https://arxiv.org/abs/2412.09516
https://arxiv.org/abs/2412.09516
https://doi.org/10.1103/PhysRevLett.130.011801
https://arxiv.org/abs/2210.10216
https://doi.org/10.1103/PhysRevLett.124.131801
https://arxiv.org/abs/1911.07996
https://doi.org/10.1103/PhysRevLett.127.121801
https://arxiv.org/abs/2106.13684
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://arxiv.org/abs/1807.06209
https://doi.org/10.1103/RevModPhys.90.045002
https://doi.org/10.1103/RevModPhys.90.045002
https://doi.org/10.1103/PhysRevLett.121.111302
https://doi.org/10.1103/PhysRevLett.121.111302
https://arxiv.org/abs/1805.12562
https://arxiv.org/abs/1805.12562
https://doi.org/10.1103/PhysRevLett.119.181302
https://doi.org/10.1103/PhysRevLett.119.181302
https://arxiv.org/abs/1708.06917
https://arxiv.org/abs/1708.06917
https://doi.org/10.1103/PhysRevLett.118.021303
https://doi.org/10.1103/PhysRevLett.118.021303
https://arxiv.org/abs/1608.07648
https://doi.org/https://doi.org/10.1016/j.physletb.2008.02.052
https://arxiv.org/abs/0711.4866
https://doi.org/10.48550/ARXIV.1608.08632
https://doi.org/10.48550/ARXIV.1608.08632
https://arxiv.org/abs/1608.08632
https://doi.org/10.1146/annurev-nucl-102419-055056
https://doi.org/10.1146/annurev-nucl-102419-055056
https://arxiv.org/abs/2011.02157
https://doi.org/10.1088/1748-0221/12/02/P02017
https://doi.org/10.1088/1748-0221/12/02/P02017
https://arxiv.org/abs/1612.05824
https://doi.org/10.1016/j.nima.2015.08.063
https://doi.org/10.1016/j.nima.2015.08.063
https://arxiv.org/abs/1507.06690
https://arxiv.org/abs/1507.06690
https://doi.org/10.48550/ARXIV.HEP-PH/0605188
https://doi.org/10.48550/ARXIV.HEP-PH/0605188
https://arxiv.org/abs/hep-ph/0605188
https://doi.org/10.1103/PhysRevD.100.115039
https://arxiv.org/abs/1909.11670
https://doi.org/10.1103/PhysRevD.79.092004
https://arxiv.org/abs/0903.0030
https://arxiv.org/abs/0903.0030
https://doi.org/10.1007/JHEP03(2021)058
https://doi.org/10.1007/JHEP03(2021)058
https://arxiv.org/abs/2011.11329
https://doi.org/10.1140/epjc/s10052-017-5481-6
https://arxiv.org/abs/1708.03135
https://arxiv.org/abs/1708.03135
https://doi.org/10.1103/PhysRevD.104.052002
https://doi.org/10.1103/PhysRevD.104.052002
https://arxiv.org/abs/2101.04228
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/j.nima.2016.06.125
https://doi.org/10.1016/j.nima.2016.06.125
https://doi.org/10.1103/PhysRevD.94.092005
https://doi.org/10.1103/PhysRevD.94.092005
https://arxiv.org/abs/1607.00704
https://doi.org/10.2172/2406057
https://doi.org/10.2172/2406057
https://doi.org/10.1103/PhysRevLett.120.141802
https://arxiv.org/abs/1801.03848
https://doi.org/https://doi.org/10.1016/j.nima.2009.12.009
https://doi.org/https://doi.org/10.1016/j.nima.2009.12.009
https://arxiv.org/abs/0905.2517
https://doi.org/10.1103/PhysRevD.104.072009
https://doi.org/10.1103/PhysRevD.104.072009
https://arxiv.org/abs/2104.09179
https://doi.org/10.1103/PhysRevD.105.072001
https://doi.org/10.1103/PhysRevD.105.072001
https://arxiv.org/abs/2110.14028
https://doi.org/10.1088/1742-6596/898/4/042057
https://doi.org/10.1088/1742-6596/898/4/042057
https://doi.org/10.1007/s100520100656
https://arxiv.org/abs/hep-ph/0101163


11

vanced Beam Dynamics Workshop on High-Intensity and
High-Brightness Hadron Beams (2010) arXiv:1202.2383
[physics.acc-ph].
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