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Since many of the dark-sector particles interact with Standard Model (SM) particles in multiple ways,
they can appear in experimental facilities where SM particles appear in abundance. In this study, we explore
a particular class of longer-lived mediators that are dominantly produced from photons and charged mesons
that arise in proton-beam fixed-target-type neutrino experiments. This class of mediators encompasses light
scalars that appear in theories like extended Higgs sectors, muon(electro)philic scalars, etc. We evaluate the
sensitivities of these mediators at beam-based neutrino experiments such as the finished ArgoNeuT,
ongoing MicroBooNE, SBND, ICARUS, and the upcoming DUNE experiment. We find that muonphilic
scalars are more enhanced while produced from three-body decay of charged mesons. The above-
mentioned experiments can probe unexplored regions of parameter space that can explain the current
discrepancy in the anomalous magnetic moment of muons. We further find that Compton-like scattering of
photons is the largest source of electrophilic scalars. By utilizing this, the DUNE Near Detector can explore
new regions in the sensitivity space of electrophilic scalars. We also show that Bethe-Heitler scattering
processes can be used to probe flavor-specific lepton final states even for the mediator masses below twice
the lepton mass.
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I. INTRODUCTION

There are compelling reasons for the existence of a
particle sector (often called dark sector or hidden sector)
beyond the Standard Model (SM) of particle physics, for
example, dark matter, nonzero neutrino masses, mass-
flavor hierarchy puzzle, etc. An attractive scenario consists
of a new particle sector that is very weakly or feebly
connected to the SM sector via portal particles that are often
called mediators [1]. A myriad of models with mediators
has been built along this line to address these issues and,
similarly, many experiments are being developed towards
unraveling these mysteries. These efforts are also motivated
by anomalies in the experimental results such as the LSND
excess [2], the MiniBooNE anomaly [3–5], and the
discrepancy in the anomalous magnetic moments of the
muon [6,7] and electron [8]. A subset of these experiments
is fixed-target-type experiments involving high-intensity
protons on target (POT) and they are widely adopted at

neutrino facilities with beam energy being Oð1Þ to a few
hundred GeV. While neutrino facilities serve as neutrino
factories, copious amounts of charged mesons, (secondary)
photons, electrons, positrons, and neutral mesons are also
produced. Therefore, given the beam energy and intensity
of neutrino facilities, they can test MeV-to-sub-GeV-scale
new physics particles interacting with those SM particles
that can be found at these facilities.
While the landscape of dark-sector models is vast, we

will focus on a particular class of models that constitutes
scalar mediators that couple either to all SM matter
particles or a subset of flavors. We find that the flux of
the above mediators produced from charged mesons inside
a proton target can be quite enhanced. Scalars could
abundantly appear through the three-body decay of charged
mesons such as charged pions and kaons; their correspond-
ing two-body decay is helicity suppressed but adding
another particle in the final state would evade the suppres-
sion and enhance the branching fraction of three-body
decay modes [9]. We also notice an enhancement when
they are sourced from photons. For example, scalars can be
copiously produced as a consequence of Primakoff scatter-
ing [10–12] of photons as they interact with atoms present
in the target. This process is coherently enhanced by a
factor of Z2 from the nuclear form factor [13]. Similar to
scalars, flavor-specific massive vector mediators can be
produced from the above sources as well. One such
example we considered in this paper is a muonphilic gauge
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boson that appears in the context of a Uð1ÞT3R model
[14–17]. We find that these can also appear in good
abundance from charged mesons, neutral mesons, photons,
electrons, and bremsstrahlung.
We investigate the detection prospects of the signals

induced by the aforementioned mediators at experiments
along the NuMI [18] and BNB [19] beamlines at Fermi
National Laboratory: ArgoNeuT [20], ICARUS [21],
MicroBooNE [22], and SBND [23]. We also probe them
at the upcoming DUNE Near Detector [24] (DUNE ND),
which is placed along the LBNF beamline [25]. These
detectors feature different baselines and angular distances
with respect to their respective beam axis. The magnetic
horns—which are designed to focus or deflect charged
particles and, in turn, their corresponding neutrino decay
products—affect the mediator production via charged
mesons. As a result of the magnetic horn effect along with
the position of detectors, we expect to take advantage of the
multiple experiments and probe regions of parameter space
in a complementary manner.
Once a mediator is produced inside the proton target of

these beam facilities, it should be safely delivered to a
detector of interest. Because of the feebly interacting nature
of the above-mentioned mediators, they would live longer
rather than decay immediately. Once they survive, some
fraction of mediators can leave detectable signatures within
the detector fiducial volume. These signatures include
electron-positron pairs, muon-antimuon pairs, photon pairs,
electron-photon pairs, and single photons from scattering
and decay processes. We again expect to benefit from
different baselines and detector sizes in the search for these
long-lived mediators as they provide complementarity.
We emphasize that, while one can look for electron-

positron pairs and muon-antimuon pairs from decay proc-
esses, the same final states can arise through the splitting
process, also known as the Bethe-Heitler scattering process
[26]. Owing to its energy-dependent nature, these final
states can also be produced from a mediator with a keV-
range mass, which is not kinematically allowed for decay
processes. For example, a 10 keV (muonphilic) scalar with
a total energy greater than 210 MeV can split into a muon-
antimuon pair through the Bethe-Heitler scattering process.
From the above example, we see that the appearance of
lepton-antilepton final states for all possible masses helps
us to probe flavor-specific models directly. With all of the
above-mentioned detection channels, we investigate the
parameter space of the Higgs portal scalar and (g − 2)-
motivated parameter space, utilizing muon/electrophilic
scalar mediators which can be efficiently probed by experi-
ments operating at the sub-GeV scale.
In Sec. II, we discuss essential features of the example

models that we explore. Section III is reserved for a brief
overview of the benchmark short baseline experiments for
which we study sensitivity reaches. We then explain how
the aforementioned mediators are produced at generic

proton-on-target experiments in Sec. IV and elaborate on
the signals that the mediators produce at the detectors in
Sec. V. In Sec. VI, we explain our analysis methodology
and report our main results including sensitivity plots. In
Sec. VII, we explore the above study for vector mediator
scenarios using the Uð1ÞT3R model as an example. We
finally summarize and conclude our study in Sec. VIII.

II. MODELS

We apply the above production and detection mecha-
nisms of scalars in the context of three benchmark spin-0
mediator models.1 Although we focus on scalars in the
paper, one can also look at spin-1 gauge boson mediator
models. We will briefly explore these aspects in Sec. VII.

A. Higgs portal scalars (HPSs)

This model contains a singlet dark scalar S with massmS
that interacts with the SM SUð2Þ scalar doublet H via a
portal interaction [27]:

LS ⊃ ðASþ BS2ÞH†H; ð1Þ

where A and B are free parameters. Under SUð2ÞL
symmetry breaking, the neutral Higgs decomposes into a
sum vþ h. Therefore, the interaction in Eq. (1) induces a
mass mixing between the dark scalar and the SM Higgs in
two ways: (a) if A ≠ 0, then the mass mixing is naturally
induced regardless of whether the dark scalar acquires a
zero or a nonzero dark scalar vacuum expectation value
(VEV), and (b) if A ¼ 0, the dark scalar can acquire a
nonzero VEV by an appropriate choice of potential and
thus induce mass mixing. After diagonalizing the masslike
terms, we see that the scalar S mixes with the SM Higgs h
via a small mixing angle, that is,

h → hþ θS: ð2Þ

Therefore, the dark scalar can interact with the SM particles
that acquire mass via the Higgs scalar:

LS ⊃
1

2
m2

SS
2þθS

�X
f

mf

v
f̄fþ2m2

W

v
Wþ

μ Wμ
−þ

m2
Z

v
ZμZμ

�
;

ð3Þ

where f runs over all quark and charged lepton flavors.
This model is of particular interest in various contexts.

Examples include scalar-to-pion decays [28], MicroBooNE
searches for the HPS to explain the KOTO excess [29,30],
and a search for the HPS-induced signatures at ICARUS
[31]. In addition to the above-shown interactions, HPS can

1We emphasize that our study here can be straightforwardly
applied to mediators with different Lorentz structures as well.
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also couple to two photons via a fermion loop and thus
widen the phenomenology [32].

B. Muonphilic scalars

These scalars (henceforth denoted by ϕμ) can appear in
effective field theories containing singlet scalars that have
minimal flavor violation [33] or in other extensions to the
SM [34] with additional doublets/singlets, which contain
Yukawa couplings unique to each flavor [35]. The
Lagrangian has the following form:

Lϕ;μ ⊃ y22μ̄μϕμ: ð4Þ

Muonphilic scalars contribute to the anomalous magnetic
moment of the muon (aμ) at the one-loop level. Therefore,
their phenomenology is useful to explain the 4.2σ
discrepancy between the experimental and theoretical
values of aμ [6,7]:

Δaμ ¼ aexpμ − athμ ¼ ð2.51� 0.59Þ × 10−9: ð5Þ

Similar phenomenology has been explored via muon-
coupled axion models which bring in constraints from
SN1987a data [36,37]. These scalars can also couple to two
photons via a muon loop and the effect of this has been
studied in the context of axions [38,39]. The lack of photon
events at the E137 SLAC experiment imposes stringent
constraints on this model as well [40].

C. Electrophilic scalars

On a similar line of thought, there are models with
scalars (henceforth denoted by ϕe) that solely couple to
electrons. One such example is an effective field theory
where all heavy fermions and bosons are integrated out
such that we end up with scalars that exclusively couple to
electrons via a Yukawa coupling. Such a model has bounds
from stellar cooling [41,42], SN1987a [43], NA64 [44],
Orsay [45], E141 [46], and E774 [47] that look at electron-
positron as well as electron-photon final states. The relevant
Lagrangian is given by

Lϕ;e ⊃ y11ēeϕe: ð6Þ

Like ϕμ searches, we can study electrophilic scalars to
explain the discrepancy in the electron anomalous magnetic
moment ae, which, based on a recent measurement with
87Rb [8], is

Δae ¼ aexpe − athe ¼ ð4.8� 3.0Þ × 10−13: ð7Þ

III. BENCHMARK EXPERIMENTS

We explore the sensitivity of these models in several
neutrino experiments as mentioned earlier. We tabulate key
specifications of the experiments in Table I. For the ease of
the simulation, we simplify the detector geometry to
cylinders. We hence specify the dimensions for the full
cube-shaped detector as well as the cylinder-shaped one that
is used in our simulations. Nevertheless, we expect that our
main conclusions are nearly unaffected by these changes as
the modified volumes fit in the original ones. The afore-
mentioned mediators that reach ArgoNeuT, ICARUS, and
MicroBooNE are sourced from the 120 GeV NuMI beam,
those at SBND are from the 8 GeV BNB beam, and finally,
those at DUNE ND are produced by the 120 GeV LBNF
beam. MicroBooNE and ICARUS receive a considerable
number of mediators from the BNB beam on account of
being placed on its axis. In this study, however, we will
consider the contributions from the NuMI beam only.
The magnetic horn system present near the target plays

an integral role. They operate in either neutrino mode
(focusing positive mesons) or antineutrino mode (focusing
negative mesons). We remark that DUNE ND, ArgoNeuT,
and SBND are located on the beamline,2 whereas ICARUS
and MicroBooNE are placed off axis. Since the magnetic
horns focus charged particles along the beam axis, most of
the high-energy mediators (originating from high-energy
charged mesons) are boosted along the beam direction,
whereas softer mediators are less focused and diverge away
from the axis. Hence, on-axis detectors are more sensitive
to high-energy mediators as compared to those that are off
axis. Similarly, (secondary) high-energy photons are

TABLE I. List of experiments at the NuMI, BNB, and LBNF baselines and key specifications of the detectors. The dimensions in the
second last column are the adopted ones for simplified simulation purposes. The numbers quoted in the last column are the POT that we
use in our study.

Detectors
Beam, energy

[GeV]
Distance

[m]
Angle off-axis

[degrees]
Dimensions (l × w × d)

[m × m × m]
Dimensions (r × d)
[m × m] for sim. POTs

SBND [23] BNB, 8 110 0.3 4 × 4 × 5 2.25 × 5 6.6 × 1020

DUNE ND [24] LBNF, 120 574 0 3 × 5 × 4 2.18 × 4 7 × 1021

ArgoNeuT [20] NuMI, 120 1040 0 0.4 × 0.48 × 0.9 0.25 × 0.9 1.35 × 1020

ICARUS [21] NuMI, 120 803 5.56 2 × ð2.63 × 2.86 × 17Þ 3.10 × 17 6.6 × 1020

MicroBooNE [22] NuMI, 120 685 8 2.26 × 2.03 × 10.4 1.21 × 10.4 6 × 1020

2The BNB beam axis gets through SBND and the detector
center is off the beam axis by 0.3 degrees.
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directed more in the forward direction and softer photons
are directed more away from the beam axis. Therefore,
high-energy mediators are likely to travel along the beam
axis. These expectations are depicted in Fig. 1, which
contains the energy spectra of muonphilic scalars at DUNE
ND [see Fig. 1(a)], which is one of the on-axis detectors,
and ICARUS [see Fig. 1(b)], which is off axis. We see that
the energies of the scalars that reach ICARUS are much
lower than those at DUNE ND.

IV. PRODUCTION OF MEDIATORS

In this section, we explain how long-lived scalars can be
produced from charged mesons, photons, electrons, and
positrons.

A. Charged meson decays

Charged pions and kaons dominantly decay into a
charged lepton l (¼ μ or e) and its neutrino counterpart
through an off-shell intermediate W boson, for example,
Kþ=πþ→μþνμ and Kþ=πþ→eþνe. However, the above
two-body decay processes are suppressed due to the
required helicity of final state particles, which constrains
the allowed phase space. This enables us to explore the
production of long-lived mediators as the third decay
product of charged mesons. Unlike the corresponding
two-body decay, this three-body decay would not be
limited by the helicity suppression [9,48,49]. However,
the branching fraction for a choice of coupling must not
exceed the upper limit on three-body decay branching
fractions of charged kaons [50] and charged pions [51]. We
use the three-body decay of kaons as our example in this
section since the kinematically allowed phase space and
mass range are larger than those of pions, although the
same argument can be applied to pions.
HPS can emanate from the charged lepton leg as in

Fig. 2(a) as well as from theW boson leg [52] as in Fig. 2(b).
Since they couple to leptons with a strength of ml=v and
2m2

W=v with theW boson, the latter contribution dominates
the relevant decay matrix element. The HPS can couple to
charged kaons, whose strength can be calculated from chiral
perturbation theory, but since this term is subdominant in the
relevant decay matrix element, we do not include their
contribution to the decay width. Since we take the neutrinos
to bemassless leptons, we omit their contribution. HPS from
Kþ → μþνμS are kinematically restricted to the maximum

FIG. 1. Energy spectra of muonphilic scalars at (a) DUNE ND
and (b) ICARUS. Three scalar mass values are shown:mϕ ¼ 0.01
GeV, 0.1 GeV, and 0.16 GeV with Yukawa coupling Y22 ¼ 10−4.

FIG. 2. Feynman diagrams depicting the production of
scalars from charged kaons. (a) Production of both HPS and
flavor-specific scalars from the charged lepton leg. (b) HPS
produced from the W boson leg. (c) Feynman diagram for two-
body decay of Kþ to πþ and HPS S which couples to an
intermediate top quark.
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mass reach mK −mμ ¼ 388 MeV, whereas those from
Kþ → eþνeS can be as heavy as mK −me ¼ 492 MeV.
HPS can also be produced via a kaon two-body

decay, i.e., Kþ → πþS [Fig. 2(c)] where the scalar couples
to an intermediate top quark [31,53,54]. This strong
coupling to the top quark makes the branching ratio of
the above two-body decay process dominate over all
the three-body decays, but the HPS mass is limited to
mK −mπ ¼ 354 MeV. HPS can also be produced via
Bþ → KþS, which have been searched at LHCb [55],
but the flux of B mesons is not large enough at the
aforementioned neutrino facilities. Hence, HPSs sourced
from Bþ do not produce a sizable signal flux here.
While looking at scalars with flavor-specific couplings

such as muonphilic (electrophilic) scalars, the only possible
diagrams are those where scalars emerge from muon
(electron) legs [Fig. 2(a)]. Therefore, they can appear from
kaons via the process Kþ → μþνμϕμ (Kþ → eþνeϕe)
where the amplitude depends on Yukawa coupling squared
y222 (y211).

B. Photons

Scalars couple to two photons at the one-loop level. This
coupling can be written as [56,57]

Sμν ¼ gϕγðp1:p2η
μν − pν

1p
μ
2Þ: ð8Þ

Here, the coupling strength gϕγ is written in terms of the
nondivergent one-loop factor with mass dimension −13:

gϕγ ¼
αem
π

X
f

yff
NcQ2

f

mf
I

�
m2

ϕ

4m2
f

�
; ð9Þ

where αem ¼ 1=137 is the electromagnetic fine structure
constant, p1 and p2 denote the momenta of the two
photons, and the function IðβÞ carries information about
the nondivergent fermion loop. It is generally expressed as

IðβÞ ¼
Z

1

0

dx
Z

1−x

0

dy
1 − 4xy
1 − 4xyβ

¼ 1

2β2
½β þ ðβ − 1ÞfðβÞ�; ð10Þ

where fðβÞ is defined as

fðβÞ ¼
(
arcsinð ffiffiffi

β
p Þ2 for β ≤ 1

−0.5ð−2arccosh ffiffiffi
β

p þ iπÞ2 for β > 1:
ð11Þ

The coupling that appears in Eq. (9) is

yll ¼ θml=v for HPS;

yμμ ¼ y22 for ϕμ;

yee ¼ y11 for ϕe: ð12Þ

The dot product p1:p2 equalsm2
ϕ=2 if the scalar decays into

two photons, and ðm2
ϕ − q2Þ=2 if one of the photons is an

off-shell propagator that appears in the Primakoff scattering
Feynman diagram [Fig. 3(a)]. From Fig. 4, we see that the
loop factor is maximized when β is lying between 1 and 3,
and it drops as β → 0;∞. For a scalar that appears in the
HPS model, all massive fermions contribute to the loop, but
the dominant contribution is from those fermions with
masses comparable to that of the scalar, as can be seen in
the argument of I in Eq. (10). However, for those that
appear in the muonphilic (electrophilic) scalar model, the
only contribution to the fermion loop is from muons
(electrons), which are proportional to y22 (y11).
Through the above one-loop coupling, scalars can be

produced from photons at the target via the Primakoff
process, which is enhanced by a factor of Z2 from the
nuclear form factor as mentioned earlier. These scalars are
also highly forward directed, i.e., in the same direction as
the incoming photon. Despite this enhancement, HPS
produced from kaon two-body decays is more than those
produced via Primakoff scattering due to the presence ofW
boson and top quark couplings in the former scenario.

FIG. 3. Feynman diagrams depicting the production of scalars
from photons. (a) Primakoff scattering of a photon to produce
HPS as well as flavor-specific scalars. (b) Compton-like scatter-
ing of a photon to produce an electrophilic scalar.

FIG. 4. Variation of IðβÞ with β.

3The subscript f in gϕγ is used to denote that all fermions,
leptons, and quarks that couple to the scalar contribute to the
loop.
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Since these couplings do not exist in the case of muonphilic
and electrophilic scalar models, the Primakoff production
here is not as suppressed as it is in the case of HPSs. We
observe that this contribution exceeds that from kaon
decays for electrophilic scalars with masses close to
1 MeV (twice the electron mass).
Electrophilic scalars can also appear when photons

interact with electrons via Compton-like scattering
[Fig. 3(b)]. Although the enhancement factor here is only
proportional to Z, unlike the Primakoff enhancement
proportional to Z2, this process dominates over the scalar
Primakoff process as it occurs at the tree level. For both the
Primakoff and Compton-like scatterings, the minimum
energy required to produce a scalar is

Eγ ¼
m2

ϕ

2mT
þmϕ; ð13Þ

where mT is electron mass me for Compton-like scattering
and nucleus mass mN for Primakoff scattering.

C. Electrons and positrons

When fast-moving positrons interact with electrons
at the target, they can annihilate to a photon and electro-
philic scalar, eþe− → γϕe, as shown in Fig. 5(a). However,
if the energy of the incoming positron is resonated with a
particular scalar mass, the electrophilic scalar can be
produced directly, eþe− → ϕe [Fig. 5(b)]. The cross section
of this process is given by

σϕe
¼ 4πy211

me

m2
ϕ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

ϕ − 4m2
e

q
δ

�
Eþ þme −

m2
ϕ

2me

�
; ð14Þ

where Eþ is the energy of the incident positron.
In order to produce scalars via resonance processes, the

center of mass energy of the eþe− system must exactly
match with the mass of the scalar (modulo its decay width)
as suggested by the delta function. Since the center of mass
energy

ffiffiffi
s

p
is ∼10 MeV for the NuMI and LBNF, where the

peak energy of positrons is ∼100 MeV, scalars that are as
heavy as 10 MeV could appear through this process.
Similarly, at BNB where the peak energy of positrons is
10 MeV, a scalar of mass 3 MeV is preferred for resonant
production. However, we find that this process is still
subdominant at these resonant masses as compared to other
processes. Therefore, we ignore the contributions from
resonance while simulating scalars.

D. Simulation methods

We use the simulated fluxes of source particles, i.e.,
mesons, photons, electrons, and positrons, using the Geant4

code package [58]. The flux generated is basedon a 120GeV
proton beam that impinges on a 150 cm graphite target. The
distribution and normalization of charged-meson fluxes as

they pass by the magnet are adjusted according to magnet
specifications needed for these experiments [31,59]. We
also consider the secondary production of photons and
electrons. To simulate mediators, we first calculate the
probability of producing them in the c.m. frame of the
production process. Using this probability distribution, we
simulate mediators in the c.m. frame and then boost them to
the laboratory frame. The probability functions in the c.m.
frame are explained below:
(1) If a mediator is produced as a product of a two-body

decay, such as Kþ → πþS, the branching ratio and
the energy of the mediator are fixed for a given mass
of the mediator.

(2) If produced from a three-body decay such as
Kþ → eþνeϕe, we calculate the differential branch-
ing ratio as a function of energy in the rest frame of
the decaying particle. We generate random energy
between the minimum and maximum energies in this
frame which are weighted by the flux times the
Monte Carlo volume.

(3) If the mediator is from a 2-to-2 scattering process,
for example, Compton-like scattering, we calculate
ð1=σtotÞdσ2→2=dt in the c.m. frame of the process. In
the above example, σtot is the total scattering cross
section of a photon of a given energy and σ2→2 is the
cross section of the Compton-like scattering. Also, t
is one of the Lorentz-invariant Mandelstam varia-
bles. In this choice of frame, the energy and
momenta of all the final state particles are fixed.

The angular distributions of the decay processes are
approximately uniform (modulo the internal propagator
effect). Hence, we randomly choose the angles in the rest
frame of the decaying particle, and then boost the four-
momentum along the direction of the decaying particle to
the laboratory frame. For the scattering processes, however,
the angular distribution is not necessarily uniform, but a
function of the Mandelstam t. Thus we simulate t’s and the
appropriate Monte Carlo weights in the c.m. frame, and
then boost it back to the laboratory frame.
We record the (1) energy (2) polar and azimuthal angles,

and (3) production point of the mediators in the laboratory
frame for every possible mass. For each recorded event, we
check whether the direction of the mediator is within the

FIG. 5. Feynman diagrams depicting the production of scalars
from electrons and positrons: (a) associated production with
positrons impinging on target electrons and (b) resonance pro-
duction.
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acceptance cone that the detector subtends at the point
where it is produced. If so, we accept the event for the
detector of interest and if not, we reject them.
Figure 6 depicts various production mechanisms that

were discussed above in the context of the three models. We
notice the dominance of each channel for different mass
ranges for all three models. For HPSs with masses less than
354 MeV, two-body decays of the kaons dominate over all
the other sources by 4 orders of magnitude. Beyond this
mass, however, the three-body decays of kaons and the
Primakoff process become relevant in order. For muon-
philic scalars, the three-body decays dominate for
mϕ < 388 MeV. Finally, in the case of the electrophilic
scalars, the contribution from Compton-like scattering and
the annihilation process are the most dominant.
While these plots help understand the probability of a

scalar produced through a particular decay/scattering
mechanism, we emphasize that the number of source
particles and the energy spectra of both source particles
and scalars are crucial when estimating the sensitivity.
Hence, every production mechanism can be relevant and
should be carefully analyzed. For example, electrophilic
scalars from Compton-like scattering are more in number
than those from eþe− annihilation at the aforementioned
facilities since there are more photons than positrons.
However, the scalars from the above two processes are
softer in energy as compared to those that are produced via
kaon decays. Therefore, depending on the analysis strat-
egies (e.g., energy cut), one production channel could stand
out more than the others and vice versa.

V. DETECTION OF MEDIATORS

In this section, we discuss methods to detect the above-
mentioned mediators at our benchmark detectors, all of
which adopt the liquid argon time projection chamber
(LArTPC) technology. After collecting the mediators
within the solid angle of the detector, they can be detected
if their lifetime is long enough to survive up to the detector,
without decaying into (in)visible particles before they reach
the detector. To calculate the lifetime of the mediator for a

given mass and momentum, we calculate the total decay
width, which is the sum of the individual decay widths of
all allowed decay channels.

A. Decay widths of mediators

Scalars can decay into a lepton and an antilepton if the
scalar mass is greater than twice the mass of the lepton. The
decay width of a scalar with mass mϕ that couples to a
lepton l with strength yll is

Γϕll ¼ y2ll
mϕ

8π

�
1 −

4m2
l

m2
ϕ

�
3=2

; ð15Þ

where yll is given in Eq. (12).4 Scalars of any mass can
decay into two photons with a decay width

Γϕγγ ¼
g2ϕγm

3
ϕ

64π3
: ð16Þ

Here the coupling gϕγ is given by Eq. (9). The −1 mass
dimension in Eq. (9) is manifested in the 1=v proportion-
ality for HPS, 1=mμ for muonphilic scalars and 1=me for
electrophilic scalars. Therefore, the inverse-mass scale of
the photon mixing is the smallest for HPS, followed by
muonphilic scalars and then electrophilic scalars.
Additionally, HPS could also decay into two pions as
well, whose decay width can be calculated from chiral
perturbation theory [60]:

Γϕππ ¼
�
2

9
m2

ϕ þ
11

9
m2

π

�
2 3θ2

32πv2mϕ

�
1 −

4m2
π

m2
ϕ

�
1=2

: ð17Þ

We will now summarize all the possible decay channels
in the context of the three scalar models. HPSs decay into
diphotons if their mass is less than 1 MeV. If they are
heavier than 1 MeV, the electron-positron decay channel

FIG. 6. Number of scalars produced from each source per unit coupling. Left: Higgs portal scalars; Center: muonphilic scalars; and
Right: electrophilic scalars.

4Here we subscript l to denote leptons as opposed to f in
Eq. (9) which denotes fermions. This is because we have only
leptonic final states that can appear from decays (not quarks).
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opens up. Above 210 MeV, the muon-antimuon decay
channel dominates over the electrons, and above 276 MeV,
the πþπ− decay channel adds up. If we look at the two
flavor-specific scalars, muonphilic (electrophilic) scalars
up to 210 MeV (1 MeV), prominently decay into two
photons. However, if they are heavier than 210 MeV
(1 MeV), the muon-antimuon (electron-positron) decays
take over.

B. Detection channels

For a given decay width of a mediator, the probability
that it survives until it reaches the detector is

Psurv ¼ e−D=λL ; ð18Þ

whereD is the distance between the production point of the
mediator and the front end of the detector and λL is the
laboratory-frame mean decay length. λL can be related to
the lifetime in the laboratory frame (tL) and the total decay
width (Γ0) by the following equality:

λL ¼ vtL

¼ 0.197 × 10−15 ½GeV · m� pX

mX

1

Γ0½GeV�
; ð19Þ

where mX and pX are the mass and the momentum of the
mediator, respectively.
After reaching the detector, it can be detected if they

either decay into visible particles or scatter with an argon
nucleus to give rise to visible particles.
For the decays, we require that it decays within the

fiducial volume of the detector. Therefore, the probability
of detecting a mediator inside a detector of length Δ is
given by

Pdecay ¼ e−D=λLð1 − e−Δ=λLÞ: ð20Þ

Surviving mediators can give rise to a signal by scatter-
ing off electrons, nucleons, and/or nuclei at the LArTPC
detector. The various possible scattering processes of scalar
mediators are:
(1) Scalar inverse Primakoff: Scalars can produce a

single photon signal through inverse Primakoff
scattering by exchanging a photon with the nucleus.
This is also a coherent process that is enhanced by
Z2 from the nuclear form factor [Fig. 7(a)].

(2) Bethe-Heitler process/splitting: This energy-
dependent two-to-three scattering process gives
rise to two leptons by scattering off of a nucleus.
This is enhanced by the form factor and it can give
rise to a lepton-antilepton signal even for mediators
with masses less than twice the mass of the lepton
[Fig. 7(b)]. However, the mediator (X) requires a
minimum threshold energy for this process to occur:

EX;min ¼
4m2

l þ 4mlmN −m2
X

2mN
: ð21Þ

Therefore, this scattering process in energy
dependent.

(3) Inverse Compton-like scattering: This occurs when
mediators scatter off an electron to produce a
photon-electron signal at the detector. This channel
is possible for HPSs as well as electrophilic scalars
[Fig. 7(c)].

The Bethe-Heitler process and the inverse Compton-like
scattering occur for vector mediators too. The inverse
Compton-like channel can appear as a tree-level process
(if the vector mediator is electrophilic) or as a one-loop
process (if not electrophilic) by mixing with the SM
photon. By calculating the cross section of the above
scattering processes, we can arrive at the probability
of scattering Pscat within the detector length Δ. This is
given by

Pscat ¼ Psurv × nTσϕΔ; ð22Þ

where nT is the number of target electrons/nucleons/
nuclei per unit volume and σϕ is the scattering cross
section of the process of interest. To clearly distinguish
signal events from backgrounds at the detectors, various
cuts are applied to the final-state particles. An example is
the kinetic energy threshold for particle detection.
According to MicroBooNE studies, we see that typical
LArTPC detectors have kinetic energy thresholds around
20 MeV for leptons [61] and 30 MeV for photons [62].
After discussing our results under no background
assumptions, we detail the impact of the kinetic energy

FIG. 7. Feynman diagrams illustrate the various scattering
channels that mediators can undergo once they reach the detector.
(a) Inverse Primakoff process where incoming scalars (l ¼ e, μ)
scatter into a single photon. (b) Bethe-Heitler splitting process.
(c) Inverse Compton-like scattering of ϕe into an electron and a
photon.
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threshold in the context of electrophilic scalars at DUNE
ND in Sec. VI B.

VI. RESULTS

In this section, we report the main results of our study.
Figure 8 shows the number of events for different couplings
as a function of mass. For the Higgs portal scalars, we
depict the number of events at DUNE ND, whereas, for
muonphilic and electrophilic scalars, we show the number
of events at ICARUS and MicroBooNE as well. Since
DUNE ND is placed on the beamline and is much closer to
the target as compared to ICARUS and MicroBooNE to
the NuMI beamline and its cumulative beam intensity is
larger than that of ICARUS and MicroBooNE, we see
that, for a choice of mass and coupling, more events can be
observed at DUNE ND than at the other two detectors.
ICARUS detects more events than MicroBooNE as it is
not only larger but also less away from the beamline (i.e.,
less off beam axis) as compared to MicroBooNE. The flat
contours depict final states that appear from the scattering
of the scalars in the detector whereas the linear and curved
contours represent the scalar decays to photon-photon and
lepton-antilepton pairs, respectively. We also notice that
the number of events for larger masses [mϕ > 180ð1ÞMeV
for muonphilic (electrophilic) scalars] is less for larger
couplings due to the shorter lifetimes. We now present
the sensitivity reaches for our benchmark scalar mediator
models delineated in Sec. II, and we also discuss the
dependence of our findings on the background
assumptions.

A. Sensitivity estimates

The sensitivities discussed in this section are obtained
under zero background assumptions. Therefore, the con-
tour for each experiment has been plotted for three events,
which is the upper bound of the 95% confidence level (CL)
interval for zero backgrounds. Any parameter that is
enclosed inside the contours for each experiment yields
more than three events. This is an all-inclusive sensitivity
plot where the sensitivities include all possible events from

decays and scatters of the mediators. Figure 9 has the three
sensitivity plots for the three models. The nature of the
signals induced is explained in the caption below.
(1) Higgs portal scalars. Figure 9(a) shows the sensi-

tivity plot of HPSs. The constraints are from recent
studies such as Refs. [63–65]. We included the
limits for DUNE ND while the lines for other
experiments have been taken from Ref. [31]. To
verify our results, we reproduced the ICARUS
sensitivity given in Ref. [31]. We first note that
our predictions for DUNE ND differ from those in
[65,66]. These are rooted in differences in the
number of events that define the sensitivity, and
also energy/angular separation thresholds. The
contribution to the scalars from two-body decays
has been considered in Ref. [66]. Here, however,
we plot the contributions of scalars produced via
two-body decays (red line) and three-body decays
(blue line) separately to compare. We observe that
the majority of scalars are produced from the two-
body decay process, Kþ → πþS. This is due to the
top quark coupling. However, only those scalars
lighter than 354 MeV can be produced via this
process. Although HPSs with masses greater than
354 MeV can be produced via three-body decays,
Kþ → eþνeS and Kþ → μþνμS, the flux of these
scalars is suppressed. This is not only because it
is a three-body decay, but also because the cou-
plings are weaker than the previously mentioned
top quark coupling.
We find that the sensitivity at DUNE ND is more

enhanced in comparison to ICARUS, especially for
larger couplings. For the masses and couplings of
our interest, we see the number of scalars produced
from Primakoff processes is subdominant. They
are prominent only for θ values greater than 10−3,
which is constrained by LHCb. For the masses and
couplings of our interest, all signals produced by
these scalars are from decay processes. We do not
see signals from scattering processes because they
are subdominant for weak couplings (θ < 10−2).

FIG. 8. Number of scalars that reach the detector as a function of mass for various couplings. Left, Higgs portal scalars; center,
muonphilic scalars; and right, electrophilic scalars.
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(2) Muonphilic scalars. Figure 9(b) depicts the sensi-
tivity plot of the muonphilic scalar model. Since
these scalars do not couple to quarks, W gauge
bosons, or first- and third-generation leptons, their
production modes are limited to kaon three-body

decays Kþ → μþνμϕμ by coupling to the muon, and
Primakoff process γN → ϕμN. In the region repre-
sented by the current g − 2 discrepancy (represented
by the pink band), the detected signals in this region
are mostly diphotons. We also see a dip in the

FIG. 9. 95% CL lines for our three benchmark scalar mediator models under the assumption of zero backgrounds. (a) Higgs portal
scalars. The dotted lines are from two-body decays at other experiments studied in [31]. The 95% CL sensitivity lines for mS <
0.21 GeV correspond to the decay of scalars to eþ; e− only. Beyond 0.21 GeV, the hanging lobe includes μþ; μ− signals and πþ; π− as
well for mS > 0.278 GeV. In this plot, we include 90% CL bounds imposed by CHARM [70], LSND [71], PS191 [72], NA62 [73],
E949 [74], and 95% CL bounds from μBooNE [29], and LHCb [75]. (b) Muonphilic scalar model. The pink band shows the preferred
regions of the current muon g − 2μ anomaly. Scalars lighter than 0.21 GeV dominantly scatter via spitting into μþμ−, and decay into two
photons, the latter dominating formϕ > 0.0001 GeV. For scalars greater than 0.21 GeV they decay to μþμ−, which is manifested by the
sharp drop in sensitivity. The 90% CL bounds from E137 [38], 95% CL bounds from B factories, g − 2 excluded regions, and constraints
from SN cooling are depicted in the shaded regions. (c) Electrophilic model. The parameters in the orange band of this model explain
current electron g − 2 uncertainty. These scalars give rise to two photons via decay and eþ; e− via splitting for mϕ < 0.001 GeV, and
eþ; e− only via decay formϕ > 0.001 GeV. The shaded regions represent 90% CL bounds from E137 [69], E141 [76], E774 [77], Orsay
[78], NA64 [79], and HB stars [41] and SN cooling [80].
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sensitivity plot at 210 MeV where muon-antimuon
decays start to appear, thus reducing the scalar
lifetimes. Stringent constraints appear from the
20 GeV electron beam experiment E137 [38]. We
converted the limits on the scalar-photon coupling in
[38] into limits in the y22 space and found that our
results match with those in [34]. Since forward
detectors such as DUNEND, SBND, and ArgoNeuT
(existing data) are more sensitive to high-energy
mediators (which have longer lifetimes), the ceiling
of the sensitivity curve for the above forward
detectors is higher than off-axis detectors. Thus,
sensitivities of forward detectors extend beyond
E137 bounds, and into the g − 2 band. We also
notice that big detectors are exposed to a great
intensity of muonphilic scalars. Hence, they are
sensitive to a large region of parameter space which
is allowed by the E137. Since ArgoNeuT is smaller
in size, it is challenging for them to probe couplings
smaller than those excluded by E137.
Some regions of this allowed parameter space that

are explored by the neutrino experiments are ruled
out by SN1987a data. However, the astrophysical
bounds can be avoided in light mediator models by
the chameleon effect [67,68], where the masses of
the mediators can depend on the background matter
density. It must be noted that the environment in the
core of a supernova (or a star) is extremely dense. In
such a highly dense environment, the effective mass
of the particle can be larger than it is on Earth
causing an expansion of the allowed parameter
space. In any case, it is important to probe the
parameter space using laboratory experiments.
Unlike HPSs, scattering channels are relevant to

this model. Amongst the two scattering channels in
this model, inverse Primakoff and Bethe-Heitler
splitting, the latter dominates over the former despite
the phase space suppression. This is because the
Bethe-Heitler process occurs at the tree level. Addi-
tionally, two Feynman diagrams contribute to the
matrix element of the Bethe-Heitler process.

(3) Electrophilic scalars. The sensitivity of this model is
depicted in Fig. 9(c). The coupling of these scalars to
electrons opens up many other production channels
such as Compton-like scattering and associated
production. While the most energetic scalars appear
fromKþ decays, Compton-like scattering of photons
with target electrons contributed to the most number
of scalars. Since the sensitivity is majorly driven by
Compton-like scattering—in which the cross section
depends on the energy flux of the photons, ultimately
resulting in σCompton ∝ y222=m

2
ϕ—we see that the floor

of the sensitivity plots derived from our studies varies
as compared to that in the E137 bounds where the

scalars are sourced by the decay of charged mesons
(i.e., their branching ratio to a scalar is proportional to
y222 for masses lighter than the decayingmeson). This
results in different shapes of the floor which depicts
the difference in the form of the branching ratios.
Primakoff scattering majorly contributes to scalars
withmass 1MeV.The availability ofmultiple sources
of electrophilic scalars comes at the cost of many
constraints, with E137 [69] being the most stringent
one. However, we find that theDUNEND is sensitive
to parameters that are still unconstrained by HB
stars [41] and E137.
These scalars are detected via electron-positron

decay pairs for masses greater than 1MeV, diphoton
decays for masses between (0.01–1) MeV, and
through scattering channels for masses below
0.01 MeV. There are three possible scattering
channels for electrophilic scalars, inverse
Compton-like, splitting contribution, and inverse
Primakoff. Out of these three, the splitting contri-
bution is the most dominant scattering channel for
all detectors because the minimum threshold re-
quired for electron-positron splitting is very low,
much lower than the scale of NuMI and BNB.

The splitting process, as seen in Fig. 7(b), is unique
because it results in lepton-antilepton final states even
if the mediator mass is less than twice the lepton mass,
which would not be kinematically allowed to decay. They
become subdominant for higher mediator masses (masses
close to twice the lepton mass) like all other scattering
channels. However, they give us a unique way of identify-
ing photonless, purely leptonic final states.

B. Sensitivities with detection constraints

In our analysis and resulting sensitivities reported in the
previous section, we envisioned the situation where asso-
ciated backgrounds are sufficiently suppressed. While
careful background estimates would lead to more precise
sensitivity estimates, they certainly depend on signal
channels and detector capabilities such as energy threshold,
energy/angular resolutions, and particle identification. In
particular, since the LArTPC technology is being devel-
oped and matured, higher-capability detectors would
allow for rejecting more backgrounds while retaining
signals. Nevertheless, in this section, we investigate how
our sensitivity results are affected by the background
assumption, especially in the context of DUNE ND.
The backgrounds for the HPS model at ICARUS and

SBND have been investigated in Ref. [31]. Figure 10(a)
roughly demonstrates the effect of backgrounds at DUNE
ND by plotting the sensitivity contours for 100 events along
with three events. We plot the 100 events line as it roughly
corresponds to the worst-case reduction in sensitivity seen
in Fig. 15 of Ref. [31]. Though the parameter space
coverage does not reduce drastically with increasing the
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number of signal events, improved background analysis is
expected to minimize that reduction in the future. We see
that the forward DUNE ND can continue to probe those
parameters with short lifetimes even if a larger number of
events are required to determine the sensitivity, i.e., the
expected sensitivity reaches are not very sensitive to the
underlying background assumption.
Since mediators with strong couplings tend to decay

rapidly, the range of couplings in the ceiling of a sensitivity
lays an upper bound to the coupling strength such that three

of them make it to the detector. This limit depends on the
mass and momentum of the mediator, and the distance
between the source and detector [81]. The lower edge, on
the other hand, depends on statistics of mediators produced
at the target which approximately scales with the square of
the coupling [81]. This depends on scalings, such as the
number of POT, the branching ratio of the production
process, etc. If we increase the required statistics by looking
for the number of events greater than 3, the minimum
coupling required would increase as compared to the case

FIG. 10. Sensitivities where experimental and detection constraints are considered. (a) Sensitivity plot for HPSs for three events as
well as 100 events for DUNE ND and ICARUS. In this plot, we include 90% CL bounds imposed by CHARM [70], LSND [71], PS191
[72], NA62 [73], E949 [74], and 95% CL bounds from μBooNE [29], and LHCb [75]. (b) Parameters for 10, 100 muonphilic scalar
decays at DUNE ND. The 90% CL bounds from E137 [38], 95% CL bounds from B factories, g − 2 excluded regions, and constraints
from SN cooling are depicted in the shaded regions. (c) Sensitivity plots for electrophilic scalars at DUNE ND where the minimum
threshold kinetic energy (Et) required to identify the decay products is 0, 10, and 30 MeV. The shaded regions represent 90% CL bounds
from E137 [69], E141 [76], E774 [77], Orsay [78], NA64 [79], and HB stars [41] and SN cooling [80].
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of three events, therefore pushing up the lower edge of the
sensitivity. Figure 10(b) is an example that shows the
sensitivity contours of the muonphilic scalar model at
DUNE ND for ten events and 100 events. It clearly shows
that the contours do not shrink much as we increase the
number of considered events. The change in number affects
the lower edge of the sensitivity plot only. Since we would
look for more statistics in the presence of backgrounds,
they would affect the lower limits rather than the ceiling.
This also implies that the presence of backgrounds would
not compromise the ability of these experiments to probe
parameters in the g − 2 band, as seen in the example plot.
The minimum threshold kinetic energy (Et) required to

identify signals at the detector plays a vital role in arriving
at sensitivity plots of certain models at certain detectors.
We notice that this constraint does not reduce the extent of
the sensitivity curves of the muonphilic scalar model as the
majority of the mediators are produced from processes that
favor high-energy mediators. However, we see that this
plays a role in the sensitivity of the electrophilic scalar
model, especially for masses in the keV range as scalars
produced from Compton-like scattering, being the domi-
nant one, are lower in energy, and so are the final states.
Since the sensitivity estimates for DUNE ND give us the
most insight into unexplored parameter spaces, we inves-
tigate the effect of the energy thresholds at the DUNE ND
in this study. Figure 10(c) demonstrates the effects of this
by showing the contours without cuts versus those with 10
and 30 MeV cuts. As expected, we see the reduction in
sensitivity space coverage by a few factors toward the
lower-mass regime. Similar to kinetic energy thresholds,
the imposition of a minimum angular separation between
the decay products can play a vital role in the sensitivity
plots as they affect the ceiling of sensitivity reaches. We
notice that the reduction factor of coupling values in the
ceiling can vary fromOð10Þ toOð1Þ based on the threshold
value and the mass of the mediator.
In summary, Fig. 10 demonstrates multiple ways in

which sensitivities are altered with experimental con-
straints. A more detailed analysis of detector responses
and backgrounds for LArTPC-type detectors will certainly
allow for more precise sensitivity estimates.

VII. VECTOR MEDIATORS

As discussed earlier, the above analysis is not limited
only to scalar mediators. They can be extended to spin-1
mediator models (gauge bosons) as well. They can be
greatly produced from charged mesons present at the
target. As an example, let us consider the Uð1ÞT3R

model
that appears in the context of left-right symmetric models
[82,83]. This model contains a gauge boson, Z0, which
couples to the right-handed fermions of one particular
generation. Although there exist new fields in this
anomaly-free model which is a spontaneously broken
model at a low energy scale, e.g., low mass scalars and

dark-matter candidates, we consider the effects of the
gauge boson with visible decay modes only where the
gauge boson couples to the right-handed muon, charm,
and strange quarks.
These gauge bosons can be heavily sourced from three-

body decays of charged mesons Kþ → μþνμZ0, emanating
from the muon leg μþ. Since these gauge bosons couple
only to the right-handed component of the muon, the
muon’s helicity must be flipped, thereby suppressing this
three-body decay by the muon mass. Despite this condition,
we observe an enhancement effect, similar to the scalar
three-body decay case. This is due to the existence of the
longitudinal polarization mode of vector gauge bosons that
allows for an enhancement proportional to 1=m2

Z0 [9]. Since
these gauge bosons can mix with the SM photon kineti-
cally, they can couple to electrons with strength ϵe where

ϵ ¼ gT3R

ffiffiffiffiffiffiffi
αem
4π3

r
: ð23Þ

This expands the horizon of gauge boson production
including neutral meson decays, π0=η → γZ0. Similarly,
gauge bosons can also be produced via Compton-like
scattering, γe− → Z0e− [84] when photons hit the target
electrons. The production mechanisms of electrophilic
scalars can be applied to Z0 gauge bosons as well, i.e.,
pair annihilation eþe− → γZ0 [85] and resonance produc-
tion eþe− → Z0 [85]. Additionally, Z0s can appear from
electron/positron bremsstrahlung e�N → e�NZ0 [85,86].
However, it is important to note that these processes occur
through γ − Z0 mixing, which is of the order Oð10−2Þ.
Therefore, the flux of gauge bosons from three-body
decays of charged mesons is much larger as they are
produced via the direct coupling to the lepton. It is
important to note that the three-body decay must satisfy
the upper limit of the charged kaon/pion branching ratio.
We probe the sensitivity of the Uð1ÞT3R

gauge boson
through visible decays into electrons and positrons via the
kinetic mixing loop. This decay width is given by

ΓZ0;eþe− ¼ ϵ2αemmZ0

3

�
1þ 2m2

e

m2
Z0

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
e

m2
Z0

s
: ð24Þ

We see that the production of these gauge bosons from
charged mesons dominates over neutral mesons despite
constraints on the three-body branching ratio. The magnetic
focusing horn system facilitates this production mechanism
and, hence, we obtain a great amount of sensitivity for weak
couplings. Because of constraints on the upper limit of the
three-body branching fraction, we are unable to excavate
higher couplings through this production mechanism,
which are mostly constrained by experiments such as
NA64, E774, etc. Thus, in this Uð1ÞT3R model, we see
that the production of these gauge bosons from charged
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mesons can give us insights into the lower coupling range
that are unexplored parameters, as supported by our
sensitivity study under the assumption of negligible back-
grounds (see Fig. 11). Since the branching ratio of a
charged meson into a gauge boson is proportional to
g2T3R=m

2
Z0 , the floor of the sensitivity has a linear nature,

with a positive slope. This leads to a unique shape of the
sensitivity as compared to those in the excluded regions in
which the gauge bosons are produced through two-body
decays of neutral mesons (where the branching ratio is
roughly proportional to g2T3R).
Finally, we attempt to apply these production and

detection mechanisms to Uð1ÞLi−Lj
gauge bosons. Since

these gauge bosons couple to neutrinos as well, their
lifetimes at MeV-to-sub-GeV facilities are not long enough
to suggest considerable value-added insights into uncon-
strained parameters.

VIII. CONCLUSIONS

In this study, we explore three dark-sector models, Higgs
portal scalars, muonphilic scalar models, and electrophilic
scalar models, at neutrino experiments by utilizing the
vast flux of mesons, photons, and electrons that are
produced at the neutrino target. The neutrino experiments
considered in this study are the finished ArgoNeuT,
ongoing MicroBooNE, SBND, ICARUS, and the upcom-
ing DUNE experiments. We have also demonstrated an
example of a vector muonphilic mediator, which is the
gauge boson in the Uð1ÞT3R model. The magnetic horns at
the targets of these experiments have been utilized to
maximize the production of the mediators from charged
mesons along the beam direction. The choice of models and
mediators enables us to understand the domination of one

production mode over the other. Although three-body
decays of mesons dominate for models with muonic
couplings, and two-body meson decays dominate the
HPS model, Compton-like scattering and Primakoff pro-
duction from photons are most dominant for models with
electron couplings. Through these production mechanisms,
the potential for high-energy mediators to reach the
detectors increases, especially at forward detectors. This
allows us to explore the g − 2 regions along with large
regions of unexplored parameter space in the laboratory
experiments at the ongoing/upcoming facilities, especially
for the muon.
Since these mediators produce visible signals in the

detector through multiple scattering and decay mecha-
nisms, we were able to get an all-inclusive sensitivity plot
demonstrating the potential of probing regions of parameter
space that are still unexplored by experiments. The inclu-
sion of the energy-dependent Bethe-Heitler scattering
process and the decay process allowed us to access unique
lepton-antilepton signatures for flavor-specific mediators.
A rigorous background analysis would allow us to

estimate more realistic exclusion limits. A better under-
standing of the background would include angular sepa-
ration capabilities along with exact energy thresholds. For
example, Ref. [29] has done a study for electron-positron
events at MicroBooNE from which we find an estimate of
around 30 background events. However, it is important to
note that the ceiling of sensitivities does not change
appreciably, as demonstrated in Fig. 10, since they are
obtained from extremely high-energy mediators. The num-
ber of events calculated in this study may have uncertainties
that vary between 0.3–3, due to the charged meson fluxes.
This can vary the new physics couplings in the sensitivity
estimates (Figs. 9 and 10) by factors ranging from 0.7 to 2.
However, these effects are visible only on the floor of the
sensitivity plots.
Our studies based on the example models can straight-

forwardly be extended to many more scenarios with
bosonic mediators.
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APPENDIX A: PARENT PARTICLE FLUXES

Figures 12 and 13 represent the energy distribution of the
secondary particles produced when the 8 and 120 GeV
proton beam impinges on the target, respectively. It must be
noted that the positively charged pions and kaons are along
the beamline due to the magnetic horn effect. As for the

FIG. 11. 95% CL sensitivity plot (with no backgrounds) of the
Uð1ÞT3R

gauge boson with only visible decays.
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positrons and photons, they have an angular spread, but the
most energetic ones are forward in nature.
We employ Geant4 to obtain the charged meson fluxes for

each of the targets without the effect of the magnetic field.
To simulate the magnetic horn effect on charged mesons,
we apply energy and angle cuts for the charged mesons to
match the resulting neutrino fluxes with the reported ones.
At the BNB target from the neutrino flux, we follow the
prescription that only those charged mesons with a total
energy greater than 750 MeV, and an angle between [0.03,
0.2] radians to the beamline, pass through the magnet [87].
For LBNF, we follow the empirical models developed in
Ref. [88]. We first collect only those particles with kinetic
energies greater than 100 MeV and with polar angles
between [0.01, 1] radians (z axis is the beamline), assigning
an additional weight of 3 for every particle with energy less
than 10 GeV and 0.2 for those greater than 10 GeV. Using
this prescription, we roughly reproduce the muon-neutrino
flux [89] at the DUNE ND. Similar to the flux reported by

the DUNE collaboration, our neutrino flux drops down for
neutrino energies greater than 10 GeV. On comparing the
fluxes for energies below 10 GeV, we notice that there are
overestimates and underestimates up to a factor of 3.
However, we find that these mismatches do not appreciably
affect our sensitivity reaches, especially the ceiling.

APPENDIX B: THREE-BODY DECAYS

Let us consider a muonphilic scalar ϕμ emanating
from the muon leg in the Kþ decay Kþðp0Þ →
νμðp1Þμþðp2Þϕμðp3Þ, as depicted in Fig. 2(a). The cou-
pling strength of the scalar to the muon is y22. The matrix
element for this process can be expressed as

Ml;ϕ ¼ −i
GFffiffiffi
2

p ðiy22Þð
ffiffiffi
2

p
ip0μVusfKÞūðp1Þγμð1 − γ5Þ

×
iðp2 þ p3Þ þmμ

ðp2 þ p3Þ2 −m2
μ
vðp2Þ: ðB1Þ

The Dalitz variables m2
12, m2

23, m2
13 are defined as

follows, where i ≠ j ≠ k

m2
ij ¼ ðpi þ pjÞ2 ¼ ðp0 − pkÞ2: ðB2Þ

From energy-momentum conservation,

m2
12 þm2

23 þm2
13 ¼ m2

K þm2
νμ þm2

μ þm2
ϕ: ðB3Þ

The matrix element squared can be written as

jMl;ϕj2 ¼ y222
4G2

FV
2
usf2K

ðm2
23 −m2

μÞ2
ðm2

23ðm2
12 þm2

23 −m2
ϕÞ

× ðm2
23 −m2

μÞ þ 2m2
23m

2
μð−m2

23 þm2
KÞ

− ðm2
23 −m2

ϕ þm2
μÞðm4

23 −m2
μm2

πÞÞ: ðB4Þ

Although the kaon has the four-momentum given by
ðEK; p⃗KÞ, we will work in the rest frame of the decaying
kaon after which we can boost the momenta to the lab
frame. For a three-body decay, there are nine (3 × 3)
variables determining the momentum (and hence the
energy) of the final states. The four constraints on the
energy momentum of the final states reduce the degrees of
freedom to 5. Out of these five, three of them determine the
plane on which the decay occurs. For the given scalar
interactions, the matrix element does not depend on the
choice of planes. Hence, they can be integrated, which
includes a factor of 2ð2πÞ2. Therefore, the remaining
2 degrees of freedom can be chosen to be two of the three
Dalitz variables. This will fix the third variable from
Eq. (B3). The differential decay width in the rest frame
of the decaying kaon can be written as

FIG. 12. Energy flux of photons, positrons, charged pions, and
kaons produced at BNB.

FIG. 13. Energy flux of photons, positrons, charged pions, and
kaons produced at NuMI.
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d2Γ0;ðl;ϕÞðm2
12; m

2
23Þ

dm2
12dm

2
23

¼ 1

ð2πÞ332m3
K
jMl;ϕj2; ðB5Þ

where jMl;ϕj2 is the matrix element of the process we
consider, expressed in Eq. (B4). The limits of these
integrals are

ðm1 þm2Þ2 ≤ m2
12 ≤ ðm0 −m3Þ2

m2
μ ≤ m2

12 ≤ ðmK −mϕÞ2: ðB6Þ

The value of m2
12 fixes the energy of particle 3, which is the

scalar, in the rest frame of the kaon,

m2
12 ¼ ðpK − pϕÞ2 ¼ m2

K þm2
ϕ − 2mKEϕ: ðB7Þ

To integrate over m2
23 while fixing the value of m2

12, we
choose a frame where p1 þ p2 is at rest. Here, the energy,
and hence the momentum, of particles 2 and 3 is

E�
2 ¼

m2
12 þm2

2 −m2
1

2
ffiffiffiffiffiffiffiffi
m12

p

E�
3 ¼

m2
0 −m2

12 −m2
3

2
ffiffiffiffiffiffiffiffi
m12

p

p�
2;3 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E�2
2;3 −m2

2;3

q
: ðB8Þ

Hence,

ðE�
2þE�

3Þ2− ðp�
2þp�

3Þ2 ≤m2
23 ≤ ðE�

2þE�
3Þ2− ðp�

2−p�
3Þ2

ðE�
μþE�

ϕÞ2− ðp�
μþp�

ϕÞ2 ≤m2
23 ≤ ðE�

μþE�
ϕÞ2− ðp�

μ−p�
ϕÞ2:
ðB9Þ

To generate events, we must randomly choose m2
12

between the limits given in Eq. (B6). This will determine
the energy of the scalar in the rest frame of the decaying
kaon as per Eq. (B7). Suppose we choose n values of m2

12,
then the associated weight for each of these values, and
hence the energy, would be

Wðm2
12Þ ¼

ðm2
12;u −m2

12;lÞ
n

Z
m2

23;u

m2
23;l

d2Γ0;l;ϕðm2
12; m

2
23Þ

dm2
12dm

2
23

;

ðB10Þ

where the subscripts u, l denote the upper and lower limits
of the Dalitz variable, given in Eqs. (B6) and (B9). The
integral overm2

23 is implemented by the trapezoidal rule for
integration.
We now obtain a list of Eϕ, pϕ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
ϕ −m2

ϕ

q
, and the

associated weights in the kaon’s rest frame. Since they are
isotropic in this frame, the values of cos θ and ϕ can be
chosen uniformly between −1, 1 and 0; 2π, respectively. By
using these and after constructing the four-momentum

vector, they can be boosted to the lab frame, which is
moving at ðEK;−pK

�!Þ with respect to the kaon.
The matrix elements for an HPS emanating from the

muon leg are the same as that in Eq. (B1) with
y22 ¼ θmμ=v. An additional term where the HPS emanates
from the intermediate W boson leg is also involved in this
case, which is more dominant than Eq. (B1):

MW;ϕ ¼
GFffiffiffi
2

p ð
ffiffiffi
2

p
ip0μVusfKÞð2θ=vÞūðp1Þγμð1− γ5Þvðp2Þ

ðB11Þ

jMW;ϕj2 ¼
8G2

FV
2
usf2K

v2
ð−m2

12m
2
23 þm2

μm2
K

þ ð−m2
23 þm2

ϕÞðm2
23 −m2

KÞÞ: ðB12Þ

Using Eq. (B12), the differential branching ratio and the
weights can be constructed such as that in Eq. (B5).
The three-body decay of a kaon into a gauge boson, such

as that in the Uð1ÞT3R model, can be constructed similarly.
The matrix element for this process is given as

Ml;A0 ¼ −i
GFffiffiffi
2

p ðigT3RÞð
ffiffiffi
2

p
ip0μVusfKÞūðp1Þγμð1 − γ5Þ

×
iðp2 þ p3Þ þmμ

ðp2 þ p3Þ2 −m2
μ

�
iγν

�
1þ γ5

2

��
vðp2Þϵ�νðp3Þ:

ðB13Þ

Hence, the squared matrix element is

jMl;A0 j2 ¼ 4G2
FV

2
usf2Km

2
μ

ðm2
A0 ðm2

23 −m2
μÞ2Þ

ðm2
A0 ðm2

23ðm2
μ

− 2ðm2
12 þm2

23ÞÞ þm2
Kð2m2

23 þm2
μÞÞ

þ ðm2
23 −m2

μÞðm2
12m

2
23 −m2

μm2
KÞ

þ 2m4
A0 ðm2

23 −m2
KÞÞ: ðB14Þ

This matrix element can be used in Eq. (B5) to generate
the T3R gauge boson events.

APPENDIX C: BETHE-HEITLER SCATTERING

Consider a process where a scalar ϕ interacts with
nuclei present in the target to produce two leptons,
lþ; l−, through the splitting Bethe-Heitler process, as shown
in Fig. 7(b). For this process depicted as NðpaÞϕðpbÞ →
Nðp1Þlþðp2Þl−ðp3Þ, there are two diagrams that can
contribute to it. The matrix element can be written as
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MBH ¼ ūðp3Þ
�

p3−pbþml

ðp3−pbÞ2−m2
l

γμþ γμ
pb−p2þml

ðpb−p2Þ2−m2
l

�

×vðp2Þūðp1Þ
1

ðpa−p1Þ2
γμuðpaÞ: ðC1Þ

The resulting value of jMBHj2 can be calculated using
FeynCalc [90,91]. The kinematics for a two- to three-body
scattering involves many more invariants and variables in
the differential cross section. We define five independent
Dalitz variables in this case:

s ¼ sab ¼ ðpa þ pbÞ2
s1 ¼ s12 ¼ ðp1 þ p2Þ2
s2 ¼ s23 ¼ ðp2 þ p3Þ2
t1 ¼ ta1 ¼ ðpa − p1Þ2
t2 ¼ tb3 ¼ ðpb − p3Þ2: ðC2Þ

The other five invariants, ta2; tb2; ta3; tb1 and s13,
can be expressed in terms of those in Eq. (C2). In order
to carry this out, we define the two kinematic functions
below:

λðx; y; zÞ ¼ ðx − y − zÞ2 − 4yz ðC3Þ

Gðx; y; z; u; v; wÞ ¼

������������

0 1 1 1 1

1 0 v x z

1 v 0 u y

1 x u 0 w

1 z y w 0

������������
: ðC4Þ

The flux factor is given as

Fðs;ma;mbÞ ¼ 2ð2πÞ5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðs;m2

a; m2
bÞ

q
: ðC5Þ

The phase space integral can be expressed as

d5Φ
dϕdt1ds2dΩR23

3

¼ 1

4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðs;m2

a;m2
bÞ

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðs23;m2

2;m
2
3Þ

p
8s23

: ðC6Þ

Therefore, the differential cross section can be
expressed as

d5σ
dϕdt1ds2dΩR23

3

¼ 1

Fðs;ma;mbÞ
d5Φ

dϕdt1ds2dΩR23
3

jMBHj2;

ðC7Þ

where dΩR23
3 ¼ dcosθR23b3 dϕR23

3 , which are the angles in the
rest frame of particles 2 and 3, which is lþ; l−. These angles
can be expressed in terms of the Dalitz invariants as below:

t2 ¼ tb3 ¼ m2
b þm2

3 − 2E23
b E23

3 þ 2p23
b p23

3 cos θ23b3 ðC8Þ

s12 ¼ sþm2
3 −

1

λðs23; ta1; m2
bÞ

0
BBB@2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Gðs; ta1; s23; m2

a; m2
b; m

2
1Þ

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Gðs23; tb3; m2

3; ta1; m
2
b; m

2
2Þ

q
cosϕ23

b

þ

���������
2m2

b s23 − ta1 þm2
b m2

b þm2
3 − tb3

s23 − ta1 þm2
b 2s23 s23 −m2

2 þm2
3

s −m2
a þm2

b sþ s23 −m2
1 0

���������

1
CCCA: ðC9Þ

The limits of the integral are

ðm2 þm3Þ2 ≤ s23 ≤ ð ffiffiffi
s

p
−m1Þ2

−1 ≤ cos θR23b3 ≤ 1

0 ≤ ϕR23
3 ≤ 2π

m2
a þm2

1 − 2E23
a E23

1 − 2p23
a p23

1 ≤ ta1 ≤ m2
a þm2

1 − 2E23
a E23

1 þ 2p23
a p23

1 : ðC10Þ
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The energies in the rest frame of 23 are as given below:

E23
a ¼ sab þm2

a −m2
b

2
ffiffiffiffiffiffi
sab

p

E23
1 ¼ sab þm2

1 − s23
2

ffiffiffiffiffiffi
sab

p

E23
b ¼ s23 þm2

b − ta1
2

ffiffiffiffiffiffi
s23

p

E23
3 ¼ s23 þm2

3 −m2
2

2
ffiffiffiffiffiffi
s23

p : ðC11Þ

The momenta can be obtained from the above energies. By
integrating these variables, we obtain the total cross section
of the 2–3 Bethe Heitler scattering process for a given
energy and mass of the incoming scalar. The total number
of Bethe-Heitler scattering events is given by

NBHðmϕÞ ¼
Z

dEϕ
dNϕ

dEϕ

NAρT
AT

LdetσBHðdEϕ; mϕÞ; ðC12Þ

where NA, ρT, and AT are the Avogadro number, density,
and atomic mass of the detector, respectively. Ldet is the
length of the detector.
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