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We estimate the sensitivity of the DUNE experiment to new physics particles interacting with neutrinos,
considering the dipole portal to heavy neutral leptons and a neutrinophilic scalar with lepton-number 2
as examples. We demonstrate that neutrinos from the high-energy tail of the DUNE flux, with energies
Eν ≳ 5–10 GeV, may significantly improve the sensitivity to these models, allowing to search for particles
as heavy as ≃10 GeV. We also study the impact of the so-called tau-optimized neutrino beam
configuration, which slightly improves sensitivity to the new physics models considered here. For both
models, we consider new production channels (such as deep-inelastic scattering) and provide a detailed
comparison of different signatures in the detector.
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I. INTRODUCTION

In a broad class of Standard Model (SM) extensions, an
interaction of SM neutrinos with new particles in the few
GeV mass range is introduced. Such models may be probed
at neutrino experiments, where a high-intensity neutrino
beam is produced, see, e.g., [1]. Examples of currently
running and future neutrino beam experiments are
T2K [2,3], MiniBooNE [4], MicroBooNE [5] and
DUNE [6]. Other promising facilities to look for such
new particles are LHC-based experiments such as
SND@LHC [7], FASERν [8], or beam-dump experiments
like SHADOWS [9] and SHiP [10].
The goal of this paper is to demonstrate the potential of

the DUNE experiment to search for interactions of new
physics particles with neutrinos. We do this by revising the
sensitivity of DUNE to two example models—a neutrino-
philic scalar [11,12] and the dipole portal to heavy neutral
leptons (HNLs) [13,14]. We improve on previous studies
[11,12,15,16] in several aspects. First, we include the
high-energy neutrino tail in the calculation of the

production rate, showing its importance to extend the reach
in the mass of new physics particles, and we study the effect
of the so-called tau-optimized beam configuration. In
particular, we demonstrate that, depending on the model,
DUNE may have sensitivity to new physics particles with
masses up to Oð10 GeVÞ—a few times larger than what
was obtained in the previous literature. Furthermore, for
both models, we consider new production channels for the
new particles. For the dipole portal, we discuss additional
detection signatures; the ratio of the different signal types is
a specific prediction of the dipole portal, allowing us to
identify this model in case of detection.
The paper is organized as follows. In Sec. II, we discuss

the flux of neutrinos at DUNE and stress the importance of
its high-energy tail for the production of heavy particles. In
Sec. III, we consider the dipole portal to HNLs, reestimate
the DUNE sensitivity by considering new production
channels, such as deep inelastic scattering and new search
signatures. In Sec. IV, we discuss the neutrinophilic scalar
portal, revising the sensitivity in a similar way. Finally, we
conclude in Sec. V. Technical details, expressions for
matrix elements, and cross sections, as well as further
discussion, can be found in several appendices.

II. HIGH-ENERGY NEUTRINOS AT DUNE

A. The DUNE experiment

DUNE [6] is the next-generation long-baseline neu-
trino oscillation experiment, primarily aiming at precisely
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measuring neutrino oscillation parameters, such as the
unknown CP violation phase in the lepton sector. On
the other hand, it is also a powerful tool to search
for a variety of new physics beyond the SM. By using a
120 GeV proton beam onto a graphite target with a
beam power of 1.2 MW, this experiment can provide
1.1 × 1021 PoT=year, generating a large flux of light
mesons such as π�, K�;0. A fraction of these mesons then
would decay inside a 194 meter long decay pipe, producing
neutrinos. As a result, DUNE provides the world’s most
intense neutrino beam with a wide range of neutrino
energies peaking at about 2.5 GeV. The interactions of
neutrinos are supposed to be studied in two detectors—the
near detector (ND) and the far detector (FD). The former is
designed to include a 67.2 ton Liquid Argon Time Projection
Chamber (LArTPC), a magnetized gaseous argon time
projection chamber, and a large magnetized monitor, which
will be located 574 m downstream of the neutrino target
following the decay pipe. The FD will be equipped with four
10000 ton LArTPC modules at a distance of 1285 km from
the target; one can refer to Fig. 1.4 in Ref. [17] for the layout
of the modules. The useful parameters of the ND and FD are
summarized in Table I.
In order to maximize the flux of neutrinos/antineutrinos

in the direction of the DUNE detectors, the charged
particles need to be collimated with respect to the beam
axis by a magnetic horn system. In dependence on the
operating mode (the one for neutrino or antineutrino),
correspondingly positively or negatively charged particles
would be collimated. The flux in antineutrino mode is very
similar to the one in neutrino mode (see, e.g., Fig. 5.4
in [6]), and we expect similar sensitivities to the new
physics models discussed below for neutrino and antineu-
trino beammodes. To be specific, in this work, we will only
consider the neutrino mode.
In addition, there are two horn configurations considered

by the DUNE collaboration: the CP-optimized configura-
tion, which maximizes the flux at Eντ < 5 GeV, important
to study CP violations in neutrino oscillations and the tau-
optimized configuration, for which the flux of τ neutrinos at
the FD with Eν < 5 GeV is somewhat lower, but the
higher-energy flux between 5 and 10 GeV gets significantly
increased, which would result in an order of magnitude

higher number of neutrino deep-inelastic scattering (DIS)
events [6].

B. Neutrino flux at DUNE

We define the neutrino flux at a given detector as

Φν ≡ 1

NPoT · Stransverse

dNν

dEν
; ð1Þ

where NPoT is the number of protons on target, Stransverse is
the transverse area of the detector (Table I), and dNν=dEν is
the differential distribution of neutrinos traveling in the
direction of the detector. The fluxes at the ND and FD for
various neutrino flavors, assuming the neutrino operating
mode, are shown in Fig. 1. Below, we briefly discuss their
main characteristics.
The electron and muon neutrinos at DUNE are produced

mainly by decays of light long-lived mesons, such as π�,
K�, K0

L, and muons. The low-energy part of the spectra
of νμ (Eνμ ≲ 6 GeV) and νe (Eνe ≲ 10 GeV) originates
from decays

πþ → νμ þ μþ; μþ → νe þ ν̄μ þ eþ; ð2Þ

correspondingly. The high-energy tail comes from decays
of kaons Kþ, K0

L. The relative suppression νe=νμ comes
from the fact that muons are long-lived, τμ=τπ=K ∝ 102, and
only a small fraction of them, ≃10−2, decays inside the
decay pipe before being scattered/absorbed in the material
after the decay pipe. To obtain the fluxes of these neutrinos,
we use the publicly available results of the detailed GEANT4

[19–21] based simulation (G4LBNF) of the LBNF

TABLE I. Parameters of near detector and individual far detector
modules at DUNE. The numbers are taken from [17,18], where
Stransverse, Ldet, Lto det, and nnucl stand for the fiducial cross section
area of the detector, the fiducial length of the detector, the distance
to the proton collision point, and the nucleon number density,
respectively.

Detector Stransverse Ldet Lto det nnucl

ND 2 × 6 m2 4 m 574 m 8.4 × 1029 m−3

FD 12 × 14 m2 58.2 m 1285 km 8.4 × 1029 m−3

FIG. 1. Neutrino fluxes as defined in Eq. (1) of νe;μ;τ at the
DUNE ND and the flux of ντ at the DUNE FD (due to νμ → ντ
oscillations), assuming neutrino operating mode of the focusing
horns. Note that ντ fluxes are magnified by a factor 105 for better
visibility. The results for two beam configurations are shown: the
CP optimized (solid) and the tau-optimized (dashed). Note that
the ντ flux at the ND does not depend on the horn configuration
since it originates from decays of promptly decaying Ds mesons
and τ leptons.
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beamline developed by the DUNE collaboration [6,22].
Technical details are given in Appendix A.
When considering the DUNE sensitivity to new physics

interacting with νe;μ, we will only consider the ND. The
reason is that the fluxes of νe=μ at the FD are much smaller
than at the ND, due to the much smaller angular coverage of
the FD. To argue this point, we calculate the ratio of the
product of the flux times the detector volume Vdet, namely,
Φ × Vdet at the FD to that at the ND. Using that VFD=VND ≈
800 if assuming four FD modules (Table I), and neglecting
the oscillations for the moment, one has

ΦFD
νe=μVFD

ΦND
νe=μVND

∼ 800 ×

�
Lto ND

Lto FD

�
2

¼ 1.6 × 10−4; ð3Þ

where ðLto ND=Lto FDÞ2 ≈ 2 × 10−7 is the solid angle sup-
pression (see Table I). Thus, the FD is less relevant for
searching for hypothetical particles which are beyond the
standard model and interact with these flavors.
Let us now discuss τ neutrinos. At the DUNE ND, their

main production channels are the decays,

Dþ
s → τþ þ ντ; τþ → ν̄τ þ X; ð4Þ

and their charge conjugated channels, where X denotes
lepton or hadron final states. Since Ds and τ decay
promptly, their distribution (and hence the flux of τ
neutrinos and antineutrinos at the ND) is not affected by
the horn configuration. However, the flux of these Ds=τ-
originated ντs or ν̄τs at the FD would be too small compared
to the flux of ντ originated from the oscillations νμ → ντ,
and therefore, the former can be safely ignored. Only the
latter (ντ from oscillations) would be present at the FD
when we calculate the sensitivities of neutrino mode to
new physics.
The DUNE simulations did not includeDs mesons and τ

leptons. To generate the τ neutrino flux, we have used the
spectrum ofDs mesons from [23], then simulated the decay
chain (4) (see the Appendix A), and selected the τ neutrinos
that point to the ND.
The relative flux suppression ντ=νμ at the ND parametri-

cally behaves as

ΦND
ντþν̄τ

ΦND
νμ

≃
Ppp→Ds

· BrðDs → τÞ
Ppp→πþ

pEν
≃ 3 × 10−8 × pEν

: ð5Þ

Here, Ppp→Ds
≃ 4 × 10−6, Ppp→πþ ≈ 6.3 are multiplicities

(the number of decayed mesons per PoT) taken from [24],
BrðDs → τÞ ≈ 0.055 [25], and pEν

is a factor depending on
the neutrino energy, varying from Oð1Þ at Eν ≲ 3 GeV to
≃103 for Eν ≃ 50 GeV. The reason for this behavior is that
τ leptons (and hence τ neutrinos) have much larger mean
energy than pions and kaons (and hence νe=μ), decaying
inside the decay pipe.

Apart from the production in decays of mesons and τ
leptons, ντ may also be produced via oscillations νμ → ντ.
This channel is not relevant for the ND since the typical
neutrino oscillation length is much larger than the distance
from the target to the ND. However, it becomes the main
contribution to the ντ flux at the FD (see Sec. II). To obtain
the oscillated flux at the FD, we have first extracted the flux
of νμ at the FD, and then convoluted it with the oscillation
probability,

Pνμ→ντ ≈ 0.943 × sin2
�
Δm2L
4Eν

�
; ð6Þ

assuming Δm2 ¼ 2.523 × 10−3 eV2 and L ≈ 1300 km for
all neutrinos. The resulting flux is

ΦFD
ντ ¼ ΦFD

νμ × Posc ≃ΦND
νμ ×

�
Lto ND

Lto FD

�
2

× Pνμ→ντ ; ð7Þ

where Pνμ→ντ is Oð1Þ at the FD. Since the oscillation
probabilities νμ → ντ and ν̄μ → ν̄τ are the same up to small
CP-violating effects, independently on the oscillating
neutrino energy, the property of the relative suppression
of the antineutrino to neutrino fluxes in the neutrino mode
translates to the fluxes of τ neutrinos and antineutrinos at
the FD.
Therefore, the ντ fluxes at the ND and FD have a

different origin. As a result, the conclusion that the FD is
not relevant for the DUNE sensitivities to new physics
becomes invalid in the case of interactions with τ flavor. To
illustrate this, let us again compare the products of the flux
times the detector volume. For the CP-optimized horn
configuration, using Eqs. (5) and (7), one has

ΦFD
ντ × VFD

ΦND
ντ × VND

≃ 1 × 103
PoscðEνÞ

pEν

: ð8Þ

Considering the FD and Eν ≲ 5 GeV, both Posc and pEν

can be of Oð1Þ, leading to the ratio in Eq. (8) being very
large. Hence, the FDmay provide better sensitivities to new
physics coupling to ντ [15]. However, since PoscðEνÞ ∼ E−2

ν

at energies Eν ≳ 10 GeV, together with large pEν
they

cause the suppression of this ratio at large energies. As a
result, with the increase of the neutrino energy, the ratio (8),
being ≫1 at Eν ¼ Oð1 GeVÞ, quickly drops and becomes
Oð1Þ at Eν ≃ 15 GeV.
The situation is somewhat different for the tau-optimized

horn configuration, for which tau neutrinos at the FD
are more energetic on average (see Fig. 1), although
qualitatively the conclusions do not change. Therefore,
both the ND and FD may be important for searching for
new particles coupling to ντ, depending on their mass.
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The total numbers of neutrinos traveling in the direction
of the DUNE detectors (with the parameters given in
Table I) per PoT are given in Table II.

C. High-energy neutrinos and production
of new physics particles

In Refs. [12,15], which have studied the sensitivity of
DUNE to new physics particles produced in scatterings
of electron and muon neutrinos, artificial cuts on the
neutrino spectrum have been imposed: Eν < 6 GeV and
Eν < 10 GeV, correspondingly. This is reasonable if
one studies the production of particles Y with mass
mY ≪ Eν;max. Indeed, first, the production of such particles
does not require large energies. Second, only a tiny fraction
of νe, νμ have energies Eν > 5–10 GeV, see Fig. 1.
However, as we show below, these cuts can significantly

underestimate the maximal mass of new physics particles
that may be searched for at DUNE. Namely, the sensitivity
of DUNE estimated in [12,15] rapidly drops at masses
mY ¼ 2.5–3 GeV, which is directly related to the cuts.
To understand this, let us look closer at the relevant Y
production processes (here without specifying the model
details). Correspondingly, they are1

νþ p → Y þ p; νþ p → Y þ μþ n; ð9Þ

where n, p are nucleons, and in the second process
a threshold for the invisible transverse momentum of
pT;Y > pT;min ¼ 0.5 GeV is required to suppress back-
grounds (we will discuss this in more detail in Sec. IV).
The minimal energy Eν;min of the neutrino required

to produce the particle Y in these processes is,
correspondingly,

Eð1Þ
ν;min ¼

2mpmY þm2
Y

2mp
; ð10Þ

Eð2Þ
ν;min ≃

�
mn þmμ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

Y þ p2
T;min

q
þ p2

T;min

2ðmnþmμÞ

�
2

−m2
p

2mp
:

ð11Þ

The behavior of Eð1Þ;ð2Þ
ν;min as a function of mY is shown in

Fig. 2. We see from the figure that at DUNE it actually may
be possible to produce much heavier particles—up to mY ≃
8 GeV (the production from νe=μ), or to mY ≃ 10 GeV
(from ντ) if neutrinos with energies up to 100 GeVare taken
into account, offering a potential trade-off to the reduced
flux at high energies.
In the next two sections, we will study how the DUNE

sensitivity to the mentioned models extends in detail.
We will consider both ND/FD CP-optimized and tau-
optimized horn configurations.

III. NEUTRINO DIPOLE PORTAL

The effective Lagrangian of the neutrino dipole portal
below the electroweak (EW) scale is [13]

Ldipole ¼ dαN̄σμνPLναFμν þ H:c:; ð12Þ

where να is the SM neutrino of flavor α ¼ e, μ, τ,
σμν ¼ i

2
½γμ; γν�, PL ¼ ð1 − γ5Þ=2, Fμν ¼ ∂μAν − ∂νAμ is

the electromagnetic field strength tensor, and N is a HNL.
Note that this Lagrangian is not gauge invariant and,

therefore, valid only at energies below the EW scale, above
which we need to consider UV completions of the operator
in Eq. (12). Here we remain agnostic about the UV origin

TABLE II. Numbers of neutrinos per PoT within the angular
acceptance of the DUNE detectors (ND or FD), assuming the
parameters of the detectors given by Table I. Neutrino oscillations
are included. Two horn configurations are assumed: CP opti-
mized and tau-optimized. For the FD, we report numbers
corresponding to one module.

Detector
Horn

configurations Nνe Nνμ Nντ

Near detector CP-optimized 1.3×10−4 1.2×10−2 7.5×10−10

Near detector tau-optimized 1.0×10−4 1.4×10−2 7.5×10−10

Far detector CP-optimized 1.8×10−9 8.9×10−9 1.5×10−8

Far detector tau-optimized 1.05×10−9 1.4×10−8 1.1×10−8

FIG. 2. Dependence of the minimal neutrino energies Eð1Þ;ð2Þ
ν;min ,

Eq. (11), required to produce a particle Y in the scattering
processes in Eq. (9), on the Y mass. The short- and long-dashed
black lines denote, correspondingly, the maximal energies of νe;μ
and ντ obtained in the simulation (see Fig. 1).

1Apart from the scatterings off nucleons, Ref. [15] considered
scatterings off electrons and nuclei, but the former requires much
larger neutrino energies to produce a particle Y with the given
mass mY , while the latter is suppressed due to nuclear form
factors for large masses mY ≫ r−1nuclear.
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of this new interaction and study its phenomenological
implications at energies below the EW scale.
Motivated by the unsolved MiniBooNE [26], ANITA

[27,28], and muon g − 2 anomalies [29,30], the dipole
portal provides another way to test the existence of HNLs
and has attracted a lot of attention recently [15,16,31–48].
Bounds on dα come from various laboratory, astrophysical,
and cosmological observations. Laboratory constraints
come from neutrino oscillation experiments, dark matter
detectors, and the observation of high-energy neutrinos in
neutrino telescope by studying coherent elastic neutrino-
nucleus scattering, elastic neutrino-electron scattering,
deep inelastic interactions, etc. Astrophysical constraints
on dα arise from supernova bursts, big bang nucleosyn-
thesis, or cosmic microwave background. We refer to
Refs. [13,14,46] for a compilation of various constraints.

A. Phenomenology at DUNE

The DUNE sensitivity to HNLs with a dipole portal
interaction has been studied previously in Refs. [15,16].
The HNL production mechanism studied there was mainly
quasielastic (QE) neutrino up-scattering [13],

να þ T → N þ T; ð13Þ

where T ¼ e, n=p, Ar, or atomic nuclei in the crust along
the trajectory of the neutrino beam.
Here, we will include also the DIS contribution,

να þ p=n → N þ X, where X is an arbitrary hadronic state,
see Fig. 3(a). Furthermore, in addition to the neutrino up-
scattering, we consider the production of HNLs by decays
of short-lived and long-lived mesons [13], π�;0, K�;0, η, ρ0,
see Figs. 3(b) and 3(c) for two example diagrams.
A detailed discussion of the relevant cross sections and
production rates is given in Appendix B 1. The HNL
production may occur either inside the detector (neutrino
up-scattering) or outside it (both neutrino up-scattering and
meson decays). In the latter case, HNLs need to reach the
detector in order to decay inside it and hence be detected.
As discussed in detail in Appendix B 1 d, in most cases the
production from meson decays plays only a subleading
role, and the main production channel is either inside or
outside up-scattering. The only exception is HNL produc-
tion via dτ at the ND.

The main HNL decay channels are

N → γ þ να; N → lþ þ l− þ να; ð14Þ

with l ¼ e, μ. The dominant channel is the monophoton
channel, with the decay width being

ΓN→ναγ ¼
jdαj2m3

N

4π
ð15Þ

for Dirac neutrinos.
Above the dielectron and dimuon mass threshold, the

leptonic channel becomes available. This channel has been
considered in Ref. [35] in the context of testing the dipole
portal at FASER and in Ref. [40] in the context of the T2K
near detector. These processes are subdominant. However,
they have the advantage that it is possible to reconstruct
the decay vertex since we have two charged particles. In the
limit mN ≫ 2ml, the decay width behaves as

ΓN→ναlþl− ≈
αEMjdαj2m3

N

12π2

�
log

�
m2

N

m2
l

�
− 3

�
: ð16Þ

The branching ratios of the leptonic decay modes are
shown in Fig. 4. At large massesmN ≫ml, the suppression
of the leptonic decay width with a factor αEM=3π ≃ 10−3

compared to the photon channel (15) gets partially com-
pensated by the logarithm.

(a) (b) (c)

FIG. 3. Production channels of HNLs via the dipole portal in Eq. (12) through (a) neutrino up-scattering, (b) promptly decaying
mesons π0 or η, and (c) decays of long-lived mesons π− or K−. For the neutrino up-scattering process, T and X denote electron, nucleon,
nucleus, or an arbitrary hadronic state.

FIG. 4. Branching ratios of the leptonic HNL decay processes
N → lþ þ l− þ να.
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The two decay modes lead to different experimental
signatures and imply different requirements for background
rejection. Furthermore, if both decay channels can be
observed, their ratio is a specific prediction of the model,
serving as a smoking-gun signature.
The combination of the different production and decay

processes leads to different signatures of the dipole portal
at DUNE:
(1) Monophoton—an event consisting of a single iso-

lated photon appearing inside the detector. This type
of event occurs when the HNL is produced outside
of the detector (via, e.g., decays of mesons or by
neutrino up-scatterings), then enters the detector,
and decays through N → νþ γ.

(2) Double bang—an event inside the detector consist-
ing of two vertices: the one with recoil matter
particles (electrons, nucleons, nuclei) and the one
with a displaced monophoton or a pair of charged
leptons [16,32]. This type of signature appears if a
HNL is produced inside the detector via neutrino
up-scattering and then travels a distance larger than
the DUNE spatial resolution, which is of order
ΔlDUNE ≃ 1 cm [17].2

(3) Prompt photon/dilepton—a single event with a
recoil electron/nucleon/nucleus, plus a lepton-
antilepton pair or a photon. It occurs if a HNL is
produced inside the detector and decays within
ΔlDUNE from its production point, such that its
production and decay points cannot be resolved at
DUNE. It is the main signature for heavy HNLs
mN ≳ 1 GeV.

Technical details about estimates of the number of events
for various signatures and the comparison of the different
production channels are given in Appendix B.
Depending on the signature, possible backgrounds

include: scatterings νþ T → νþ π0 þ X [15], with sub-
sequent decays π0 → 2γ, where two photons cannot be
resolved and the final state X either was not (for the
monophoton signature) or was detected (for the prompt
HNL decays and double-bang signature); processes
νþ T → nþ X, where X has been detected while the
neutron, being undetected, produced a displaced mono-
photon track at lengths comparable to its absorption length
(for the double-bang signature [16]). In the case of prompt
events, a possible way to discriminate the background is to
look at the energy of the recoil particles. Namely, consid-
ering the neutrino scatterings, this energy is typically much
larger since the scattering mediators are heavyW=Z, which

do not restrict the transferred momentum, while for the
dipole portal it is a photon γ, which prefers q2 → 0. A
detailed study of background discrimination goes beyond
the scope of this paper. Instead, we will show the reach of
DUNE in the form of isocontours corresponding to
Nevents ¼ 2 events per one year of DUNE operation.

B. Discussion of results

Our sensitivity results are summarized in Fig. 5, which
shows the isoevent contours for various signatures at
DUNE ND and FD assuming the CP-optimized horn
configuration. (We comment on the tau-optimized con-
figuration later in this section.) From the figure, we
conclude that depending on the signature and the flavor
of the neutrino coupled to the HNL, DUNE may probe
masses mN up to 10 GeV. In addition, the lower bound of
the sensitivity may even touch the supernova bounds.
Let us discuss the results in more detail. At the ND, the

monophoton signature (caused by decays of mesons
and the outside up-scatterings) dominates at masses
mN < 300 MeV–1.7 GeV, depending on the neutrino fla-
vor coupled to N. The reason is that (i) the outside medium
is more dense and (ii) more length is available for neutrinos
to scatter compared to the ND (see a discussion in
Appendix B 1 d). For heavier HNLs, however, the number
of monophoton events rapidly decreases, and the signature
becomes subdominant. The reason for this is that the HNL
lifetime shortens with increasing HNL mass, ldecay;N ¼
cτNγN ∝ m−4

N d−2, and HNLs that are produced outside the
detector decay before reaching the ND. To increase ldecay;N,
one needs to decrease d2. However, the decrease leads to
the suppression of the number of produced HNLs. As a
result, the conditions of having large enough decay length
and large enough production rate become inconsistent
at mN ≃ 1 GeV.
The dilepton signatures, with both prompt and displaced

pairs of leptons, are subdominant due to the small branch-
ing ratio BrðN → lþl−νÞ. However, being combined with
the events with prompt photons, they may help in dis-
criminating signal events from the background and would
provide additional information about HNL properties.
The sensitivity of the DUNE FD to d ¼ de;μ is strongly

suppressed compared to the ND. This is because of the
much smaller neutrino flux of νe;μ at the FD compared to
the ND, according to Eq. (3). Therefore, we do not show the
sensitivity of the FD to these couplings.
For d ¼ dτ, there is a complementarity between the ND

and FD, as illustrated in Fig. 5 (bottom right). As we have
already discussed in Sec. II, ντs at the ND are much less
numerous than at the FD, but much more energetic on
average. As a result, the FD allows probing much smaller
couplings than the ND for masses mN ≲ 1 GeV, where
the energy of neutrinos is not important. However, for
mN ≳ 1 GeV, where the HNL production requires large

2Whether the recoil particle (and hence the HNL production
point) would be detected depends on the recoil energy of the
target particles. If it is below the DUNE energy detection
threshold, then it will be not visible. In this case, instead of
the double-bang event, one would see a monophoton from the
decaying HNL. In our current estimates, we assume ideal recoil
energy reconstruction efficiency.
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neutrino energies, the sensitivity of the FD quickly drops.
In contrast, this is not the case for the ND, which allows
probing much larger masses in the domain that is currently
not excluded by past experiments.
An important remark has to be made. The region of

new parameter space of HNLs that may be probed by
DUNE is model dependent, especially for the case of the
coupling to ντ. Namely, bounds from the Large Electron-
Positron Collider (LEP) depend on the UV completion of
the model (12). In particular, a class of the completions
introduces a coupling dZ to Z bosons, which is related to
d in Eq. (12) via the algebra of electroweak symmetry
generators [13]. In Fig. 5, we indicate the model depend-
ence of the bounds by showing the LEP constraints
assuming dZ ¼ 0 and dZ ≠ 0. If dZ ≠ 0 and assuming
coupling to ντ, then DUNE may only probe HNLs with
masses mN ≲ 4 GeV, while if dZ ¼ 0, then the sensitivity
extends to mN ≃ 9 GeV.
For comparison we show in Fig. 5 also the sensitivity

from Ref. [15], which combines all signatures except
for the dilepton one. We can appreciate the improved
sensitivity due to additional production channels and the

inclusion of the high-energy tail of the neutrino flux.3 We
note also that when adopting the same assumptions about
exposure and experimental parameters, our results
for the double-bang signature are in good agreement with
Ref. [16].
Above, we have considered the HNLs as the Dirac

particles. The analysis for the Majorana case is completely
similar. The only difference in the sensitivity is purely
numerical: given the same coupling d, the Majorana HNLs
would have twice larger decay width ΓN . The effect on the
sensitivity depends on the considered parameter space and
the signature. Namely, in the regime where the HNL decay
length is much larger than the scale of DUNE, the number

FIG. 5. Sensitivity of DUNE to HNLs with dipole portal interactions with νe, νμ, ντ according to Eq. (12), from top to bottom,
respectively. Isocontours correspond to two events of decaying HNLs per year at the DUNE ND for de and dμ or ND and FD for dτ.
Various signatures are considered: monophoton (green solid), “double bang” (green dashed), dileptons (red solid and red dashed), and
all these signatures together (blue). The excluded parameter space is shown in gray, taken from [15,46]. The DUNE sensitivity obtained
in [15] corresponding to the combination of all signatures, except for dileptons, is shown by the light gray curves for comparison. The
bounds from LEP depend on the UV completion of the model, which we illustrate by showing the constraints assuming zero couplings
to Z bosons (“dγ”) and assuming dZ ¼ dγ tanðθWÞ (“dZ;γ”).

3Apart from the analysis improvements discussed above, we
have also corrected a few numerical issues in the calculations of
Ref. [15], the most relevant being (i) the treatment of the off-axis
neutrino flux and (ii) correcting the number of nucleon number
density in the detector (roughly a factor 3). Item (i) explains
different results concerning outside up-scattering production
both for ND and FD sensitivities (see a brief discussion in
Appendix B 1 d).
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of events is Nevents ∝ d2ΓN , hence being twice larger for
Majorana HNLs. Since ΓN ∝ d2, in the plane d −mN , the
lower bound of the sensitivity would be 21=4 lower for
the Majorana particles. In the opposite regime of short
decay lengths, the number of events behaves as Nevents ∝
d2 × exp½−lminΓN=cγN �, where lmin is the minimal dis-
placement for the given signature. For the prompt signa-
tures, lmin ¼ 0, the decay width does not affect the
sensitivity at all (the case of prompt signatures). This is
not the case for the case of the outside production and the
double bang. The upper bound of the sensitivity to these
signatures would be a factor of

ffiffiffi
2

p
lower for Majorana

particles. Finally, we note that apart from these numerical
differences, the presence of a Majorana mass for the HNL
would lead to theoretical inconsistencies, as in this case, the
dipole operator with d in the relevant range would induce a
large contribution to the light neutrino mass matrix via a
loop diagram, in conflict with bounds on neutrino masses,
see, e.g., [13]. Therefore, a consistent theory of large d in
the case of Majorana HNLs would require more elaborate
model building.
Let us now consider the impact of the different horn

configurations, in particular, the tau-optimized flux. The
fluxes of all the neutrinos, except for ντ at the ND, are very

sensitive to the horn configuration.4 In Fig. 1, we compare
the fluxes for the CP-optimized and tau-optimized configu-
rations. We see that the amount of neutrinos with energies
Eν > 5 GeV for the tau-optimized flux may be larger by a
factor up to ≃20. This translates to a comparable increase of
the cross section of the production of heavy HNLs with
mN ≳ 2 GeV, which requires high-energy neutrinos, see
Fig. 6 (top left). The comparison of the sensitivities of
DUNE assuming the CP-optimized and tau-optimized horn
configurations is shown in the remaining panels of Fig. 6. In
dependence on the HNL mass, the improvement in the
sensitivity may reach a factor as large as 3.

IV. NEUTRINOPHILIC SCALAR PORTAL

The neutrinophilic scalar portal is characterized by the
effective Lagrangian [11,12]

Lneutrinophilic ¼
gα
2
ϕνcανα þ H:c:; ð17Þ

FIG. 6. Sensitivity of DUNE to the dipole portal considering two different horn configuration modes: CP-optimized and tau-
optimized. Top left panel: total HNL production cross sections averaged over neutrino energies [Eq. (B16)] for d ¼ dμ ¼ 1 GeV−1 and
d ¼ dτ ¼ 1 GeV−1, assuming different horn configurations. Remaining panels: comparison of the two-event per year isocontour curves
for the two horn configurations for de (top right), dμ (bottom left), and dτ (bottom right).

4τ neutrinos at the ND are produced mainly by decays of Ds
mesons and τ leptons, which occur almost instantly after the
production of these particles inside the target. Therefore, the ντ
flux is insensitive to the horn configuration.
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where νc means charged conjugated neutrino field, and ϕ is
a massive complex scalar carrying lepton number −2. The
interaction in Eq. (17) can emerge from a dimension-six
operator of the form ðLHÞðLHÞϕ=Λ2, with L and H
denoting the lepton and SM Higgs doublet fields, respec-
tively. Again, we remain agnostic about the UV completion
and focus on the low-energy implications of the effective
interaction (17). The scalar introduced in Eq. (17) can also
act as a portal to dark matter [12]. SM precision measure-
ments of meson decays or invisible Higgs decays provide
constraints on the parameters mϕ and gα [11]; the excluded
range is shown by the gray shaded region in Fig. 8.
At neutrino experiments, the neutrinophilic scalar portal

in Eq. (17) may be searched for by an excess of events with
missing transverse momentum pT [12,49], e.g.,

νμ þ pþ → ϕ⋆ þ μþ þ X; ð18Þ

where X is a hadronic final state, and ϕ leaves the detector
invisibly or decays into neutrinos and hence leads to
missing pT (see Fig. 7). Indeed, since neutrinos are
collimated with respect to the beam axis, they carry
negligible pT . Therefore, the products of the reaction
(18) have total zero pT . Finite reconstruction efficiencies
smear the pT distribution even if all the reaction products
are detected. However, the resulting distribution is softer
than the distribution of events with invisible particles, such
as ϕ. Additionally, due to the lepton number violation in the
operator (17), an antimuon is produced together with
hadrons. If the muon charge can be identified, this would
allow reducing background even further. In particular, the
study performed in [12] has shown that the distribution of
pT of muons and nucleons produced by the process
νþ n → pþ þ μ−, assuming the muon charge identifica-
tion, drops to zero at pT ≃ 0.5 GeV.
In [12], the sensitivity of DUNE to the neutrinophilic

scalar portal has been estimated by considering the QE
scattering,

νμ þ pþ → nþ ϕþ μþ; ð19Þ

requiring that the missing transverse momentum is
pT;miss > 0.5 GeV. In this work, we extend the analysis

of [12] in the following ways. First, we include the high-
energy tail of the neutrino flux, by considering also
neutrinos with Eν > 10 GeV. This will provide sensitivity
to somewhat larger scalar masses (remind Fig. 2). Second,
we include form factors to the QE proton or neutron vertex
[50] in order to take into account that especially for heavy
ϕ, mϕ ≳ r−1p ≃ 1 GeV, the nucleons cannot be considered
as pointlike, leading to a suppression of the QE cross
section. Third, we consider, in addition, the production
process via DIS, which dominates when the incoming
neutrinos are energetic enough. In Appendix C we provide
details on the relevant cross sections and further discussion
of the respective impact of each of these improvements in
the analysis.
The 90% C.L. sensitivity to the coupling gμ, considering

the scalar interactions with νμ, is shown in Fig. 8. We
require pT;ϕ > 0.5 GeV and assume the absence of back-
ground, which, according to Ref. [12], corresponds to the
case when the muon charge may be identified (see also the
discussion above). Therefore, the sensitivity is calculated
by requiring Nevents > 2.3 for the full DUNE exposure of
five years in the neutrino mode (5.5 × 1021 PoT). If,
assuming no muon charge identification, then the 90%
sensitivity would drop by a factor of ≃2 because of the
nonzero background [12].
In this figure, we also show the ND sensitivity from

Fig. 2 in [12], where we choose the curve obtained under
the assumption of the presence of the muon charge
identification. As for the cases of the interactions with
νe and ντ, DUNE has no sensitivity. There are two reasons
for this. First, in the case of interactions with νe;τ, electrons

FIG. 7. The production diagram of a scalar particle ϕ via the
neutrinophilic portal, Eq. (17).

FIG. 8. 90% C.L. sensitivity (Nevents > 2.3 in background-free
regime) of the DUNE ND to the a neutrinophilic scalar interact-
ing with νμ, see Eq. (17). Two horn configurations are considered:
CP-optimized (blue curves) and tau-optimized (green curves).
Solid curves show the sensitivity assuming the production of the
neutrinophilic scalar ϕ by only the quasielastic process, Eq. (19),
while the dashed colored lines correspond to the production by
QE and DIS scattering combined. For comparison, the gray line
shows the sensitivity obtained in Ref. [12] for the CP-optimized
horn configuration.
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and τ leptons would be produced in the process (19) instead
of muons. It is more difficult to look for missing pT in this
case since it is more complicated to reconstruct the
kinematics of electrons and τ (which, in addition, decays
into τ neutrinos). Second, even if assuming a perfect
kinematics reconstruction of e and τ, the fluxes of νe;τ
are suppressed by at least 2 orders of magnitude (see
Fig. 1). This translates into at least 1 order of magnitude
suppression of the sensitivity. On the other hand, the
currently excluded domain for the e, τ cases remains very
similar to the case of the interaction with νμ or even
becomes tighter (see [12]).
Let us briefly summarize the results. Compared to the

estimate of the sensitivity from [12], which has been
performed for the CP-optimized horn configuration at
small massesmϕ ≲ 1.5–2 GeV, our estimate shows slightly
worse sensitivity. This is the effect of the inclusion of the
nucleon form factors. The inclusion of DIS can only
partially compensate for this effect, see blue solid and
blue dashed curves. However, due to the inclusion of high-
energy neutrinos, we find that DUNE has a sensitivity to
somewhat larger scalar masses, up to mϕ ≃ 4.5 GeV.
Compared to the CP-optimized horn configuration, the
tau-optimized configuration improves the sensitivity for
the whole mass range (green curves). In addition, it extends
the probed mass region by ≃1 GeV.
The pointlike nucleon approximation may also affect the

analysis of the background performed in [12], according to
which the SM background vanishes at pT > 0.5 GeV. In
particular, form factors suppress large transverse momen-
tum of nucleons (and hence muons), which means that in
reality the SM background is even softer and drops to zero
at smaller pT. Therefore, the cut pT;miss > 0.5 GeV for the
signature (18) may be relaxed. This question is a subject of
a separate study; however, we have checked that the
relaxation of the cut to pT;miss > 0.2 GeV may improve
the sensitivity by up to a factor of 2.

V. CONCLUSIONS

In this paper, we have estimated the sensitivity of the
DUNE experiment to new physics particles that interact
with neutrinos, considering the neutrino dipole and neu-
trinophilic scalar portals as examples. Compared to pre-
vious studies, we have included new production channels,
considered various detection signatures, and taken into
account the high-energy tail of the DUNE neutrino flux.
Although the fraction of neutrinos with higher energies is
strongly suppressed, neutrinos with Eν ≳ 10 GeV are
important for the production of heavy particles with masses
m≳ 1 GeV, see Sec. II C. We have demonstrated that the
inclusion of high-energy neutrinos may significantly
improve the sensitivity, extending the probed mass range.
In particular, DUNEmay probe the dipole portal up to HNL
masses m ≃ 9 GeV (Fig. 5) and the neutrinophilic scalar

portal up to masses m ≃ 5.5 GeV (Fig. 8), with some
dependence on the horn configuration.
For the dipole portal, we have studied, in detail, various

production mechanisms and signatures in the detector.
Depending on the parameter region, the monophoton
signal, double-bang signature, or a single event with a
shower þ prompt photon or lepton-pair may be observable.
The relative size of these signals will be a smoking gun
signature to identify the dipole portal model. Furthermore,
different signatures may require dedicated analysis cuts and
background mitigation strategies.
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APPENDIX A: FLUX OF MUON AND ELECTRON
NEUTRINOS AT DUNE

In order to get the flux of νe and νμ neutrinos and the
distribution of decaying mother mesons, we have used the
publicly available results of the detailed GEANT4 [19–21]
based simulation (G4LBNF) of the LBNF beamline devel-
oped by the DUNE collaboration [6,22]. It is possible to
extract the flux of the electron and muon neutrinos from the
simulations at the DUNE ND and FD directly from the
simulation files, see Fig. 9. In the simulation data, there are
more than 12 million of decaying pions and 1 million of
decaying kaons. These numbers are enough to produce the
high-energy spectrum for νμ very well. However, the
number of simulated decays into electron neutrinos is a
few orders of magnitude smaller, and this is especially the
case for the high-energy tail. There are two reasons for this.
First, most of the muons (≃99%) from π, instead of
decaying, get absorbed outside the decay pipe because
of their long lifetime. The decaying muons typically
have small energies Eμ ≲ 10 GeV, which means that they
mostly produce low-energy neutrinos. Second, in the
DUNE simulation, only a fraction of kaons, namely,
BrðK → νeÞ=BrðK → νμÞ, has been used to simulate
decays into electron neutrinos. This results in large wiggles
in the obtained distribution for energies Eν ≳ 30 GeV.
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Instead of using this direct flux, we have resimulated the
decays of π, K, μ into νe, allowing all the kaons to decay
into neutrinos, and then selecting the neutrinos that point to
the ND. To simulate the decay, we first extracted the
momenta and decay coordinates of the mesons and muons
from the DUNE simulation dataset, then generated the
phase space of their decay products at the rest frame of the
decaying particles, and then boosted to the lab frame.
We have used the following matrix elements:

Mμþ→νμþνeþeþ ≈
GFffiffiffi
2

p v̄ðpμÞγμð1 − γ5ÞvðpνμÞ

× ūðpνeÞγμð1 − γ5ÞvðpeÞ; ðA1Þ

Mπþ=Kþ→lþþνl ≈
GFfπ=Kffiffiffi

2
p pπ=K;μ × ūðpνlÞγμð1 − γ5ÞvðplÞ;

ðA2Þ

MKþ=0→lþþνlþπ0=− ≈
GFVusffiffiffi

2
p ūðpνlÞγμð1 − γ5ÞvðplÞ

×

�
ðpπ þ pKÞμfþðpK − pπÞ2

þ ðpπ − pKÞμf−ðpK − pπÞ2
�

ðA3Þ

for the muons, pions, and kaons [51], correspondingly,
where f� are K → π transition form factors [52]. As a
cross-check, we have verified that the phase space distri-
bution of particles in the process μþ → eþ þ νe þ ν̄μ at the
rest frame of decaying μþ generated by us coincides with
that generated by MadGraph5 [53].
The comparison of the obtained fluxes with the directly

extracted fluxes is shown in Fig. 9. They agree with each
other very well at all energies in consideration, while
the regenerated flux for νe has fewer wiggles at high
energies. Small differences at energies Eν ≲ 10 GeV may

be explained by slightly different sizes and geometry of
the ND considered in the DUNE simulations and in
our estimates.

APPENDIX B: DIPOLE PORTAL

1. Production

a. Decays of mesons

HNLs may be produced by decays of mesons via a
virtual photon or neutrino. Examples are

π0=η → γ þ N þ ν; ρ0 → N þ ν; ðB1Þ

going through a virtual photon, and

π�=K� → N þ γ þ l�; ðB2Þ

going through a virtual neutrino, see Fig. 3.
The Lagrangians describing the SM vertices of the

decays (B1) and (B2) are

Lm0γγ ¼ gm0γγm
0FμνF̃μν; F̃μν ¼

1

2
ϵμναβFαβ ðB3Þ

for the transition π0 → γγ�ð→ N þ νÞ;

Lm−lν ¼ fm−lν∂μm−l̄γμð1 − γ5Þνl; m− ¼ π−=K− ðB4Þ

for the transition m− → l−ν̄�l ð→ NγÞ; and [54]

Lρ0γ ¼ gρ0γρ
0
μAμ ðB5Þ

for the transition ρ0 → γ�ð→ NνÞ.
The values of the effective couplings in these

Lagrangians are

gm0γγ ¼
αEM
4πfm0

≈ 6.2 × 10−3 GeV−1; ðB6Þ

where fπ0 ≈ 93 MeV and fη ≈ 116 MeV;

fm−lν ¼ fm−GFV
ðm−Þ
CKM ≈

�
1.06× 10−6 GeV−1; m− ¼ π−

2.9× 10−7 GeV−1; m− ¼ K−;

ðB7Þ

with fm− being the decay constant (fπ− ≈ 93 MeV, fK−≈
110 MeV), and Vðm−Þ

CKM the Cabibbo-Kobayashi-Maskawa
(CKM) matrix element corresponding to two quarks
representing the meson (Vus for K− and Vud for π−);

gρ0γ ¼
em2

ρffiffiffi
3

p ≈ 0.135 GeV2: ðB8Þ

FIG. 9. Electron and muon neutrino fluxes at DUNE ND. The
solid lines show the fluxes obtained by regenerating meson
decays into νe;μ, while the dashed lines show the fluxes extracted
directly from the DUNE simulation files (see text for details).
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The matrix elements for the processes m0 → γ þ N þ ν, where m0 ¼ π0=η, are

Mπ0=η→γþNþν ¼ d · 2 ·
gm0γγ

2
ϵμκαβFμκðpγÞ

×
1

p2
ðNνÞ

½pðNνÞ;αpðNνÞ;ρgβσ þ pðNνÞ;βpðNνÞ;σgαρ − pðNνÞ;αpðNνÞ;σgβρ − pðNνÞ;βpðNνÞ;ρgασ� × ūLðpνÞσρσuðpNÞ:

ðB9Þ

Here, pðNνÞ;α ¼ ðpN þ pνÞα, and FμνðpγÞ ¼ pγ;μϵνðpγÞ − pγ;νϵμðpγÞ, with ϵ being the polarization vector of the photon.

The matrix element for the process m− → l−γN is

Mm−→lγN ¼ fm−lν ¼ d · FμνðpγÞpm−;σūðplÞγσð1 − γ5ÞDðνÞðpγ þ pNÞ
1þ γ5

2
σμνvðpNÞ: ðB10Þ

Finally, the matrix element of the decay ρ0 → N þ ν is

Mρ0→Nþν ¼ gρ0γϵαðpρÞ · d ·
gαγpρ;β − gαβpρ;γ

p2
ρ

ūLðpνÞσβγvðpNÞ: ðB11Þ

The decay widths are computed as [25]

ΓX→YZ ¼ jMj2
8π

jpY j
m2

X
ðB12Þ

for 2-body decays, where pY is the momentum of the Y
particle in the rest frame of decaying X, and

ΓX→YZU ¼
Z

dmYZdmZU
jMj2

256π3m3
X
; ðB13Þ

where mab ¼ ðpa þ pbÞ2. In the limit of mN;l ≪ mmeson,
the decay widths are

Γρ0→Nν ≈
αEMd2m3

ρ0

36π
; Γm−→γNl− ≈

d2f2m−G2
Fm

5
m− jVðm−Þ

CKMj2
192π3

;

Γm0→Nγν ≈
d2g2m0γγ

m5
m0

96π3
: ðB14Þ

The resulting branching ratios under the assumption
jdj ¼ 1 GeV−1 are shown in Fig. 10, where we use the
SM decay widths of the mesons from [25]. The largest
branching ratio is for the decay K− → N þ γ þ l−. It is
larger than the ratio for the decay π− → N þ γ þ l− due to
the scaling Γm−→Nþγþl− ∝ m5

m− . Indeed, the SM decay
widths of the charged mesons scale instead according to
Γm−;SM ∝ m3

m− . Therefore, we have Brm−→Nþγþl− ∝ m2
m− .

To estimate the flux of HNLs from the mesons in the
direction of the DUNE ND, we have followed the same
procedure as described in Appendix A.

b. Neutrino up-scattering—inside

Neutrino up-scattering is a process νþ T → N þ X,
where T is a target particle, and X denotes an arbitrary
final state. In this study, we consider the following processes:

T ¼ e; X ¼ e; T ¼ n=p; X ¼ n=p;

T ¼ Ar; X ¼ Ar; T ¼ n=p; X ¼ hadrons: ðB15Þ

The first three sets correspond to QE scattering off electrons,
nucleons, and Ar nuclei. The last set corresponds to the DIS
of neutrinos.
The QE differential cross sections dσTN;prodðEν;Q2Þ=dQ2,

with Q2 being the modulus squared of the momentum
transferred to the target, have been previously computed,
see, e.g., [15]. For the estimates of the number of events, it
is useful to compute the cross sections averaged over
neutrino energies at the DUNE ND,

hσTN;prodi≡
Z

dEνdQ2fνðEνÞ
dσTN;prodðEν; Q2Þ

dQ2
; ðB16ÞFIG. 10. Branching ratios of the HNL production by decays of

mesons via the dipole portal [the processes (B1) and (B2)].

OVCHYNNIKOV, SCHWETZ, and ZHU PHYS. REV. D 107, 055029 (2023)

055029-12



where fνðEνÞ is the neutrino distribution function:

fνðEνÞ≡ ΦνðEνÞR
dEνΦνðEνÞ

: ðB17Þ

The behavior of these cross sections as a function of the
HNL mass and for different target particles is shown in
Fig. 11, (top panel). At small HNL masses, the production
from scattering off nuclei dominates, which is because of
the enhancement of the cross section (per nucleon) by the
factor Z2=A. However, the nuclear electromagnetic form
factor exponentially suppresses large momentum transfers
(and hence the production of heavy HNLs), and at masses
around mN ≃ 1 GeV, the scattering off nucleons start to
dominate. At mass mN ≃ 8 GeV (12 GeV) for the produc-
tion from νe=μ (ντ at ND), the production via scattering off
nucleons reaches the kinematic threshold and instantly turns
off. The only remaining production channel is the scattering
off nuclei, although it is exponentially suppressed.
To calculate the DIS cross section, we have first

implemented the model of the dipole portal in MadGraph5

[53] with the help of FeynRules [55,56]. Then, we generated
the process

νμ þ p → N þ jet; ðB18Þ

with further interfacing to PYTHIA8 for subsequent
showering/hadronization. As a cross-check of the model
implementation, we have reproduced the result of the
analytic formula from [15] for the production of the
HNL in the ν up-scattering off electrons. As a cross-
check of showering, we have reproduced the DIS
neutrino cross section νþ n → pþ X from [57] within
the systematic uncertainty for the neutrino energy range
1 GeV < Eν < 40 GeV.
The comparison of the DIS cross section with the QE

up-scattering cross sections for various HNL masses and
neutrino energies, as well as the cross sections averaged
over neutrino energies, are shown in Fig. 11. Before
averaging over neutrino energies, the DIS cross section
dominates for large HNL masses and, simultaneously,
if neutrino energies are large enough to allow momenta
transfers Q2 ≫ 1 GeV2 to the nucleons (bottom left panel).
However, the neutrino high-energy tail is strongly sup-
pressed, and after averaging over neutrino energies, this
suppression compensates for the improvement, see Fig. 11
(bottom right).

FIG. 11. Production cross sections for HNLs at the DUNE ND (per nucleon) for the neutrino up-scattering channel. Top panel: the QE
cross sections averaged over neutrino energies [Eq. (B16)] for electron (solid), nucleon (short-dashed), and Ar nucleus (long-dashed)
targets. Different colors correspond to d ¼ de, dμ, dτ, where dα ¼ 1 GeV−1. Bottom left panel: neutrino energy dependence of the total
elastic (solid) and DIS (dashed) cross sections for different HNL masses before averaging. Bottom right panel: Mass dependence of the
total averaged elastic and DIS cross sections.
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c. Neutrino up-scattering—outside

In addition to the production by up-scatterings inside the
detector, HNLs may be produced outside, when neutrinos
scatter off the crust separating the decay pipe and the ND,
see Fig. 1.2 in Ref. [6].
For simplicity, we will drop the contribution of DIS and

estimate the outside production via QE processes. In this
way, our estimate is conservative.
A simple estimate of the flux of HNLs produced by the

outside up-scatterings may be obtained under the
assumption that HNLs travel in the same direction as
neutrinos. However, for neutrino energies Eν ≲ 5 GeV
that dominate the flux, this is not the case: the typical
angle between the neutrino and the produced HNL may
significantly exceed the angular size of the detector seen
from the end of the decay pipe, see Fig. 12. The broad-
ening of the HNL flux means that, in general, a HNL
pointing to the ND may be produced by a neutrino that
does not travel to the ND, and vice versa—a neutrino that
travels to the ND may produce a HNL not reaching the
detector.

To estimate the flux of HNLs at the ND, we have
followed a procedure similar to the one described in
Appendix A. Namely, for all neutrinos produced by meson
decays (not only the neutrinos in the direction of the ND),
we generated a random scattering point located between the
end of the decay pipe and the beginning of the ND. Then,
we generated the produced HNL angle/energy according to
the angle/energy distribution given by the differential up-
scattering cross section and selected only those HNLs that
point to the detector. For simplicity, we assume that the
crust is made of 28Si. Having this dataset, we have
computed the total number of HNLs traveling to the
ND, as well as the distribution function fðupscÞðlN; ENÞ.
The calculation of the flux of HNLs produced by outside

up-scatterings at the FD is technically more complicated, as
it requires the flux of neutrinos flying by very small angles
θ ∼ 10−6–10−4 rad. To calculate such flux, we have com-
puted the distribution of muon neutrinos in angles and
energies semianalytically, using the approach of Ref. [58]
from Appendix B. We have verified the obtained distribu-
tion by comparing the fluxes of neutrinos at the ND and FD

FIG. 12. Top panel: cumulative distribution function (CDF) of the angle θ, CDFðθÞ ¼ 1
σN prod

R
θ
0 dθ dσN prod

dθ , between a neutrino and a
HNL produced by up-scatterings off nuclei, shown for several values of the HNL mass and neutrino energy. The vertical dashed line
corresponds to the angle Δθ ≈

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Stransverse

p
=ð2 × 304 mÞ ≈ 0.005 rad covered by the ND as seen from the end of the decay pipe [6].

Bottom left panel: the behavior of the ratio of the effective number of HNLs produced via outside and inside up-scatterings and pointing
to the ND, Eq. (B19), as a function of the HNL mass and for various choices of d. Bottom right panel: the ratio of the effective number of
HNLs produced by decays of mesons and traveling in the direction of the DUNE ND and neutrino up-scatterings outside the DUNE ND
[Eq. (B22)], as a function of the HNL mass and for various choices of d.
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with the results of the DUNE simulations and finding an
excellent agreement [22]. Having the neutrino fluxes, we
have followed the same procedure as for the ND.

d. Comparison of different production channels

Before calculating the sensitivity, it would be useful
to understand which production channel dominates the
sensitivity. In this subsection, we make the comparison
between the fluxes of HNLs from up-scatterings and decays
of mesons using simple estimates.

Outside and inside up-scattering.—Let us first compare
the number of HNLs produced by up-scattering inside and
outside the ND. The comparison is nontrivial since not
all the HNLs produced outside may be able to reach
the detector volume: it depends on their decay length
lN;decay ¼ cτNpN=mN , where τN ¼ Γdecay;N is the HNL
lifetime (see Sec. III A). Therefore, instead of the total
number of the produced HNLs, we consider the (effective)
number of produced HNLs:

NðupscÞ
prod;eff ¼ Nν;tot ×

X
T¼nucleus;n=p

ϵðTÞgeom

× hσðTÞN;prodi × nnucl × Lscatt;eff : ðB19Þ

Here, Nν;tot is the total number of neutrinos produced
at DUNE. Note that ϵgeom is the fraction of neutrinos
producing HNLs that travel to the ND; for the inside
scatterings, it is just the fraction of neutrinos flying to the
ND. Also note that hσN;prodi is the mean scattering cross
section (per nucleon) of these neutrinos; nnucl is the nucleon
number density; Lscatt;eff is the length available for scatter-
ings, accounting that HNLs have to survive long enough
and decay inside the detector.
For the outside events, we assume the crust number

density nnucl ≈ 1.4 × 1030 m−3 [25], and

Lscatt;eff ¼ min½Lcrust; ldecay;NðmN; dÞ�; ðB20Þ

where Lcrust ¼ 304 m or ≃1300 km is the distance
between the end of the decay pipe and the beginning of
the ND/FD [6]. It accounts for the fact that only neutrinos
scattering in locations closer than ≃ldecay;N effectively
contribute to the flux of HNLs that can reach the detector.
We assume pN ¼ 10 GeV as the characteristic momentum
of short-lived HNLs.
For the inside events, we take nnucl ≈ 8.4 × 1029 m−3

(see Table I) and Lscatt;eff ¼ Ldet=2 ¼ 2 m [the origin of the
factor of 1=2 is explained around Eq. (B27)].

The difference in hσðiÞN;prodi at the ND/FD and at crust is
Oð1Þ, given by somewhat different neutrino distributions

and different charge/mass number of nuclei. Therefore, the
ratio of the number of produced HNLs outside and inside
the detector is

NðoutsideÞ
prod;eff

NðinsideÞ
prod;eff

≃
ϵðoutsideÞgeom

ϵðinsideÞgeom

×
noutsidenucl

ninsidenucl

×
Loutside
scatt;eff

Linside
scatt;eff

≃

8>><
>>:

250
ϵðoutsideÞgeom

ϵðinsideÞgeom
ðNDÞ;

1.8 × 104
ϵðoutsideÞgeom

ϵðinsideÞgeom
ðFDÞ:

ðB21Þ

The behavior of the ratio (B21) for the case of the ND is
shown in Fig. 12. We see that the geometric acceptance
provides a Oð1Þ correction. For the behavior of this ratio at
the FD, the situation is qualitatively similar.
The ratios (B21) contradict the results of the paper [15],

according to which the outside up-scattering does not
contribute to the sensitivity of the ND at all. We note that
the outside fluxes have been calculated differently: using
the precomputed off-axis neutrino flux in the GLoBES

format and the analytic formula in [15], whereas in this
work we resimulate the neutrino flux and the HNL
production event-by-event. It is worth mentioning that
the GLoBES files include the high-energy neutrino tail,
and hence the difference cannot be attributed to the latter.
We have not found an explicit reason for the discrepancy
between the results, but there is a simple argument showing
that the number of events from outside up-scattering at the
ND is at least comparable with the inside flux: let us
consider a volume of the crust material having the volume
equal to the volume of the ND and placed just in front
of it. Neutrinos up-scatterings inside this volume would
produce a HNL flux being a factor of ðLdet=Lscatt;effÞ ×
ðncrustnucl =n

ND
nuclÞ ≃ 3 larger than the inside flux. Given the

location of the considered crust volume, all of these HNLs
would reach the ND and provide a decay signal, in the
relevant limit where the decay length of the HNLs is large
compared to Ldet.

Production from mesons and outside up-scatterings.—
The HNL production from mesons is relevant only at ND.
The reason is that all mesons decay before the end of the
decay pipe, and to be able to reach the FD, the produced
HNLs have to travel the distance ofOð1300 kmÞ. Since the
HNL decay length cτNγN ∝ d−2, this is possible only if d is
very small, which a priori suppresses the flux of the HNLs.
Let us now compare the amount of HNLs produced by

up-scattering, and those produced by mesons, and flying in
the direction of the ND. Again, we should compare an
effective number of particles, defined by
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Nprod;eff ¼
(P

m Nm;tot × Brðm → NÞ × ϵðmÞ
geom × exp½−Lmin;eff=ldecay;N� ðmesonsÞ;

Nν ×
P

ThσðTÞN;prodi × nnucl × Lscatt;eff ðup-scatteringÞ:
ðB22Þ

Here, Nm;tot is the total number of mesons m produced at
DUNE, ϵgeom is the fraction of produced HNLs that travel
to the detector, and exp½−Lmin;eff=ldecay;N� accounts for the
exponential suppression of the flux of short-lived HNLs
produced by decays of mesons. In particular, for d ¼ de;μ,
HNLs are produced by long-lived mesons, and we fix
Lmin;eff ≈ 221 m, which is the end of the decay pipe [6].
For d ¼ dτ, where the production comes from promptly
decaying mesons, we fix Lmin;eff ¼ Lto det ¼ 574 m.
The ratio of the produced HNLs resulting from Eq. (B22)

is shown in Fig. 12. From the figure, we see that except for
the production via dτ, for which the ντ flux is strongly
suppressed, the production from neutrino up-scattering
dominates. The reason is the relative suppression of the
probability to produce HNLs by decays of mesons
(Lcrust ¼ 304 m):

Brðm → NÞ
Pscattering

≈
Brðm → NÞ

hσðTÞN;prodi × nnucl × Lcrust

≲ 10−4–10−2;

ðB23Þ

in dependence on the meson which may decay into a HNL,
see Figs. 11 and 4.

2. Number of events at DUNE

The number of HNL events for the case of nonzero
coupling dα consists of two parts:

Nevents ¼ Nup−scattering
events þ Nmesons

events ; ðB24Þ

which corresponds to the contribution from neutrino up-
scattering and decays of mesons. The number of events
from inside up-scatterings per one year is

Nupsc;in
events ≈ Nν;detector ×

X
T¼e;N;Ar;DIS

Z
dEN

dhσðTÞNprodiEν

dEN
ndetnucl

× hPdecayðENÞ · Li × BrðN → channelÞ: ðB25Þ

Here, Nν;detector ¼ Stransverse
R
ΦνðEνÞdEν is the total num-

ber of neutrinos flying in the direction of the detector, with
Stransverse being the detector’s transverse area (see Table I;
note that for the FD we include four modules, which in total
have twice larger transverse area than one module). Note

that dhσðTÞNprodiEν
=dEN is the differential production cross

section (per nucleon) averaged over neutrino energies. Also

note that ndetnucl is the nucleon number density (which
corresponds to the liquid argon for both ND and FD).
Note that hPdecayðENÞ · Li is the HNL decay probability
averaged over the length of the detector L available for
neutrino scatterings:

hPdecayðENÞ · Li ¼
Z

Ldet−Lmin

0

dL
L

lN;decay

× exp½−ðLdet − LÞ=lN;decay�;
lN;decay ¼ cτNpN=mN; ðB26Þ

where the factor L comes from the production probability
in the neutrino up-scatterings, Pprod ¼ σnnuclL, and τ−1N ¼
d2m3

N
4π . The parameter Lmin is either 0 or ΔlDUNE ¼ 1 cm,
depending on the considered signature (displaced or
prompt decays). In the limit lN;decay ≫ Lmin, this expression
simplifies to

hPdecayðENÞ · Li ≈
L2
det

2ldecay;N
: ðB27Þ

Finally, BrðN → channelÞ is the branching ratio of the
HNL decay into the given particle state, which is νγ, νee,
νμμ depending on the signature. The approximation made
in (B25) is that both neutrinos and HNLs fly along the
beam axis. This is justified since the DUNE ND and FD
cover a small solid angle and are located on the axis.
For the number of events from the outside up-scatterings,

we have

Nupsc;out
events ≈Nν;tot ×

X
T¼ðe;n=p;SiÞ

hσðTÞNprodi×ncrustnucl ×ϵðTÞgeom

×
Z
mN

dEN

Z
Lto det

0

dlNfðTÞðEN;lNÞPdecayðEN;lNÞ;

ðB28Þ

PdecayðEN; lNÞ is the decay probability for a HNL with the
energy EN produced at a point located at the distance lN
from the beginning of the detector,

PdecayðEN; lNÞ ¼ exp½−lN=ldecay;N�
− exp½−ðlN þ LdetÞ=ldecay;N�; ðB29Þ

and fðEN; lNÞ is the HNL distribution normalized by unity.
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Finally, the number of events from the decays of
mesons is

Nmesons
events ≈

X
m

Nm ×Brðm→ NÞ× ϵðmÞ
geom

×
Z
mN

dEN

Z
Lpipe

0

dlN fðmÞðEN; lNÞPdecayðEN; lNÞ:

ðB30Þ

Here, Nm;tot, ϵðmÞ
geom have been already introduced in

Eq. (B22). Note that Lpipe ≈ 221 m is the distance from
the DUNE target to the end of the decay pipe. For short-
lived mesons such as m ¼ π0=η=ρ0, fðmÞðEN; lNÞ≈
fðmÞðENÞ × δðlN − 574 mÞ.

3. The shape of the sensitivity curves

The combined sensitivities to inside up-scattering events
shown in Fig. 5 behave nontrivially with the HNL mass.
Namely at small HNL masses mN ≲ 2 GeV, the lower
bound dlower decreases, reaches its minimum at some mass
mN;peak, and then starts increasing. The reason is the
following. Schematically, the number of events is
Nevents ¼ NN;prod × Pdecay. Since Pdecay ≤ 1, the sensitivity
cannot cover couplings smaller than defined by the con-
dition NN;prod ¼ 2. The number of produced HNLs is
NN;prod ¼ fðmNÞ · d2, where fðmNÞ ∝ hσN;prodi is the pro-
duction cross section. As a result, we may define the
minimal coupling dNprod¼2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2=fðmNÞ

p
. At HNL masses

mN ≲ 1 GeV, dNprod¼2 remains practically constant. The
reason is that the cross section weakly depends on mN in
this range (Fig. 11).
In the domain of small HNL masses and at dNprod¼2, the

HNL decay length lN;decay ¼ cτNγN ∝ m−4
N d−2 is paramet-

rically very large, lN;decay ≫ Lto det. Therefore, the decay
probability is Pdecay≈Ldet=lN;decay≪1 [remind Eq. (B27)].
Plugging this expression in the expression for the number
of events, we get

Nevents ∝ fðmNÞd2 ×m4
Nd

2 ¼ fðmNÞm4
N · d4; ðB31Þ

which is a growing function of the HNL mass. This scaling
explains why the lower bound decreases.
However, with the increase of the HNL mass, (i) the

HNL decay length at fixed d grows and (ii) fðmNÞ drops,
which leads to the increase of dNprod¼2. As a result,
PdecayðdNprod¼2Þ becomes Oð1Þ, and mass dependence of
the lower bound becomes to be determined only by the
behavior of fðmNÞ, which quickly drops at these masses:
dlower ≈ dNprod¼2. The position of the minimum of the lower
bound, which we denoted as mN;peak, may be estimated
as NeventsðmN; dNprod¼2Þ ≃ 2.

APPENDIX C: NEUTRINOPHILIC SCALAR
PORTAL

1. Production

a. Quasielastic production

Consider the production process,

νμ þ p → nþ ϕþ μþ: ðC1Þ
The matrix element of this process has the form

M ≈
gϕGF

2
ffiffiffi
2

p cosðθcÞv̄ðpνÞ

×Dνðpν − pϕÞγμPLvðpμÞūðpnÞΓμuðppÞ: ðC2Þ
The pn effective vertex Γμ is [59–61]

Γμðpp;pnÞ¼ γμðFV1ðq2Þ−γ5FAðq2ÞÞ−
i

2mp
σμνqνFV2ðq2Þ

−
qμ
mp

γ5FPðq2Þ; ðC3Þ

where q≡ pp − pn is the momentum transferred to
the nucleon, and F are form factors. Their explicit
expressions are

FAðq2Þ¼
gA

ð1þjq2j=m2
AÞ2

; FPðq2Þ¼
2m2

p

jq2jþm2
π
FAðq2Þ;

ðC4Þ

FV1ðq2Þ ¼
Gp

Eðq2Þ −Gn
Eðq2Þ þ τðGp

Mðq2Þ −Gn
Mðq2ÞÞ

1þ τ
;

ðC5Þ

FV2ðq2Þ ¼
Gp

Mðq2Þ −Gn
Mðq2Þ − ðGp

Eðq2Þ −Gn
Eðq2ÞÞ

1þ τ
;

ðC6Þ
where τ ¼ jq2j=ð4m2

pÞ, and GE=P are electric and magnetic
form factors. In dipole approximation, they read

Gp
Eðq2Þ≈GDðq2Þ; Gn

Eðq2Þ¼−μn
aτ

1þbτ
GDðq2Þ; ðC7Þ

Gp
Mðq2Þ ≈ μpGDðq2Þ; Gn

Mðq2Þ ¼ μnGDðq2Þ;

GDðq2Þ ¼
1�

1þ jq2j
m2

V

	
2
; ðC8Þ

TABLE III. Values of parameters entering the form factors (C4)
and (C8).

Parameter a b mA mV gA

Value 0.942 4.61 1.026 GeV 0.843 GeV 1.26
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with μp ¼ 2.793, μn ¼ −1.913 are magnetic moments of
the proton and the neutron. The other phenomenological
parameters entering the form factors are given in Table III.
To calculate the cross section of the process (C1), we

follow [62] for the evaluation of the phase space of 2 → 3
processes. As a cross-check of the form factors, we have
reproduced the energy dependence of the SM quasielastic
process νμ þ n → μþ p, while in order to verify the 2 → 3

phase space calculation we have obtained the cross section
of the process νμ þ γ → νμ þ μþ þ μ− from [63].
The neutrino energy dependence of the cross section for

the process (C1) is shown in Fig. 13. For comparison, we
also show the cross section with the form factors approxi-
mated by their zero momentum limit qμ → 0:

FA ≈ 1.26; FV1 ≈ 1; FV2 ¼ FP ¼ 0: ðC9Þ

b. Deep-inelastic scattering production

The DIS production process is

νμ þ p → μþ þ X þ ϕ; ðC10Þ

where X denotes any multihadron state. To calculate the
DIS cross section, we have implemented the Lagrangian
from Eq. (17) in MadGraph5 using FeynRules. To check the
implementation, we have also included the weak interaction
of pointlike nucleons (C9) and reproduced the quasielastic
scattering cross section (19). The behavior of the DIS cross
section with neutrino energy is shown in Fig. 13. Similarly
to the case of the dipole portal, the DIS cross section is

smaller than the quasielastic cross section at small neutrino
energies but becomes larger at high energies.

2. Number of events and discussion of sensitivity

The number of events for the neutrinophilic scalar portal
at the DUNE ND has the form

Nevents ¼
X

i¼quasi-el;DIS

Nν × σinnuclLdet; ðC11Þ

where nnucl is the number density of nucleons, Ldet is the
DUNE ND detector length, and σi are the production
cross sections for the processes (C1) and (C10), where we
require pT;ϕ > 0.5 GeV. To obtain the sensitivity, we
require Nevents > 2.3, corresponding to 90% C.L. in back-
ground free regime.
The comparison with [12] under the same assumptions is

shown in Fig. 13 (blue solid versus grey curves in the right
panel); we find good agreement. To illustrate the effects of
the inclusion of the form factors and of neutrino energy cut,
in the figure, we include sensitivity curves under different
assumptions about them. We see that the form factors
affect not only the domain of large ϕ masses but even the
domain of small masses mϕ ≪ 1 GeV. This is caused by
the transverse momentum cut pT;ϕ > 0.5 GeV, which sets
a lower bound on the momentum transferred to the
nucleons. The suppression caused by form factors increases
with the growth of the transferred momentum, and there-
fore, the sensitivity worsens. The comparison of the short-
dashed and long-dashed red curves in Fig. 13 (right panel)
shows the impact of including the DIS production channel.

FIG. 13. Left panel: the dependence of the cross section of the process (C1) and the DIS production cross section on the neutrino
energy for different choices of ϕ masses. To illustrate the effect of the form factors entering the effective nucleon vertex (C3), we also
show the cross section in the limit (C9). Right panel: Impact of QE form factors, the high-energy neutrino tail, and the inclusion of DIS
production on the sensitivity of the DUNE ND to the neutrinophilic scalar portal (17). For comparison we also show the sensitivity
obtained in [12].
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[11] Jeffrey M. Berryman, André De Gouvêa, Kevin J. Kelly, and
Yue Zhang, Lepton-number-charged scalars and neutrino
beamstrahlung, Phys. Rev. D 97, 075030 (2018).

[12] Kevin J. Kelly and Yue Zhang, Mononeutrino at DUNE:
New signals from neutrinophilic thermal dark matter, Phys.
Rev. D 99, 055034 (2019).

[13] Gabriel Magill, Ryan Plestid, Maxim Pospelov, and Yu-Dai
Tsai, Dipole portal to heavy neutral leptons, Phys. Rev. D
98, 115015 (2018).

[14] Vedran Brdar, Admir Greljo, Joachim Kopp, and Toby
Opferkuch, The neutrino magnetic moment portal: Cosmol-
ogy, astrophysics, and direct detection, J. Cosmol. Astro-
part. Phys. 01 (2021) 039.

[15] Thomas Schwetz, Albert Zhou, and Jing-Yu Zhu, Con-
straining active-sterile neutrino transition magnetic mo-
ments at DUNE near and far detectors, J. High Energy
Phys. 21 (2020) 200.

[16] Mack Atkinson, Pilar Coloma, Ivan Martinez-Soler, Noemi
Rocco, and Ian M. Shoemaker, Heavy neutrino searches
through double-bang events at Super-Kamiokande,
DUNE, and Hyper-Kamiokande, J. High Energy Phys. 04
(2022) 174.

[17] Babak Abi et al. (DUNE Collaboration), Deep Underground
Neutrino Experiment (DUNE), far detector technical design
report, Volume IV: Far detector single-phase technology,
J. Instrum. 15, T08010 (2020).

[18] B. Abi et al. (DUNE Collaboration), Prospects for beyond the
standard model physics searches at the Deep Underground
Neutrino Experiment, Eur. Phys. J. C 81, 322 (2021).

[19] S. Agostinelli et al. (GEANT4 Collaboration), GEANT4—A
simulation toolkit, Nucl. Instrum. Methods Phys. Res., Sect.
A 506, 250 (2003).

[20] J. Allison et al., Recent developments in GEANT4, Nucl.
Instrum. Methods Phys. Res., Sect. A 835, 186 (2016).

[21] John Allison et al., GEANT4 developments and applications,
IEEE Trans. Nucl. Sci. 53, 270 (2006).

[22] Laura Fields, DUNE neutrino flux files generated with
G4LBNF, https://glaucus.crc.nd.edu/DUNEFluxes/.

[23] Igor Krasnov, DUNE prospects in the search for sterile
neutrinos, Phys. Rev. D 100, 075023 (2019).

[24] Pilar Coloma, Enrique Fernández-Martínez, Manuel
González-López, Josu Hernández-García, and Zarko
Pavlovic, GeV-scale neutrinos: Interactions with mesons
and DUNE sensitivity, Eur. Phys. J. C 81, 78 (2021).

[25] P. A. Zyla et al. (Particle Data Group), Review of particle
physics, Prog. Theor. Exp. Phys. 2020, 083C01 (2020).

[26] A. A. Aguilar-Arevalo et al. (MiniBooNE Collaboration),
Significant Excess of ElectronLike Events in the Mini-
BooNE Short-Baseline Neutrino Experiment, Phys. Rev.
Lett. 121, 221801 (2018).

[27] P. W. Gorham et al. (ANITA Collaboration), Characteristics
of Four Upward-Pointing Cosmic-Ray-Like Events Ob-
served with ANITA, Phys. Rev. Lett. 117, 071101 (2016).

[28] P. W. Gorham et al. (ANITA Collaboration), Observation of
an Unusual Upward-Going Cosmic-Ray-like Event in the
Third Flight of ANITA, Phys. Rev. Lett. 121, 161102
(2018).

[29] B. Abi et al. (Muon g − 2 Collaboration), Measurement of
the Positive Muon Anomalous Magnetic Moment to
0.46 ppm, Phys. Rev. Lett. 126, 141801 (2021).

[30] K. S. Babu, Sudip Jana, Manfred Lindner, and Vishnu P. K,
Muon g − 2 anomaly and neutrino magnetic moments,
J. High Energy Phys. 10 (2021) 240.

[31] S. N. Gninenko, The MiniBooNE Anomaly and Heavy
Neutrino Decay, Phys. Rev. Lett. 103, 241802 (2009).

[32] Pilar Coloma, Pedro A. N. Machado, Ivan Martinez-Soler,
and Ian M. Shoemaker, Double-Cascade Events from
New Physics in Icecube, Phys. Rev. Lett. 119, 201804
(2017).

[33] Ian M. Shoemaker, Yu-Dai Tsai, and Jason Wyenberg,
Active-to-sterile neutrino dipole portal and the XENON1T
excess, Phys. Rev. D 104, 115026 (2021).

[34] Ryan Plestid, Luminous solar neutrinos I: Dipole portals,
Phys. Rev. D 104, 075027 (2021).

[35] Krzysztof Jodłowski and Sebastian Trojanowski, Neutrino
beam-dump experiment with FASER at the LHC, J. High
Energy Phys. 05 (2021) 191.

[36] Arnab Dasgupta, Sin Kyu Kang, and Jihn E. Kim, Probing
neutrino dipole portal at COHERENT experiment, J. High
Energy Phys. 11 (2021) 120.

[37] Ahmed Ismail, Sudip Jana, and Roshan Mammen Abraham,
Neutrino up-scattering via the dipole portal at forward LHC
detectors, Phys. Rev. D 105, 055008 (2022).

[38] O. G. Miranda, D. K. Papoulias, O. Sanders, M. Tórtola, and
J. W. F. Valle, Low-energy probes of sterile neutrino tran-
sition magnetic moments, J. High Energy Phys. 12 (2021)
191.

[39] Patrick D. Bolton, Frank F. Deppisch, Kåre Fridell, Julia
Harz, Chandan Hati, and Suchita Kulkarni, Probing active-
sterile neutrino transition magnetic moments with photon
emission from CEνNS, Phys. Rev. D 106, 035036 (2022).

DIPOLE PORTAL AND NEUTRINOPHILIC SCALARS AT DUNE … PHYS. REV. D 107, 055029 (2023)

055029-19

https://arXiv.org/abs/2207.06898
https://arXiv.org/abs/2207.06898
https://doi.org/10.1016/j.nima.2011.06.067
https://doi.org/10.1016/j.nima.2011.06.067
https://arXiv.org/abs/1901.03750
https://doi.org/10.2172/809967
https://doi.org/10.1088/1748-0221/15/08/T08008
https://doi.org/10.1088/1748-0221/15/08/T08008
https://arXiv.org/abs/2210.02784
https://arXiv.org/abs/2001.03073
https://arXiv.org/abs/2110.08025
https://arXiv.org/abs/2110.08025
https://arXiv.org/abs/1504.04956
https://arXiv.org/abs/1504.04956
https://doi.org/10.1103/PhysRevD.97.075030
https://doi.org/10.1103/PhysRevD.99.055034
https://doi.org/10.1103/PhysRevD.99.055034
https://doi.org/10.1103/PhysRevD.98.115015
https://doi.org/10.1103/PhysRevD.98.115015
https://doi.org/10.1088/1475-7516/2021/01/039
https://doi.org/10.1088/1475-7516/2021/01/039
https://doi.org/10.1007/JHEP07(2021)200
https://doi.org/10.1007/JHEP07(2021)200
https://doi.org/10.1007/JHEP04(2022)174
https://doi.org/10.1007/JHEP04(2022)174
https://doi.org/10.1088/1748-0221/15/08/T08010
https://doi.org/10.1140/epjc/s10052-021-09007-w
https://doi.org/10.1016/S0168-9002(03)01368-8
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/10.1109/TNS.2006.869826
https://glaucus.crc.nd.edu/DUNEFluxes/
https://glaucus.crc.nd.edu/DUNEFluxes/
https://glaucus.crc.nd.edu/DUNEFluxes/
https://glaucus.crc.nd.edu/DUNEFluxes/
https://doi.org/10.1103/PhysRevD.100.075023
https://doi.org/10.1140/epjc/s10052-021-08861-y
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1103/PhysRevLett.121.221801
https://doi.org/10.1103/PhysRevLett.121.221801
https://doi.org/10.1103/PhysRevLett.117.071101
https://doi.org/10.1103/PhysRevLett.121.161102
https://doi.org/10.1103/PhysRevLett.121.161102
https://doi.org/10.1103/PhysRevLett.126.141801
https://doi.org/10.1007/JHEP10(2021)240
https://doi.org/10.1103/PhysRevLett.103.241802
https://doi.org/10.1103/PhysRevLett.119.201804
https://doi.org/10.1103/PhysRevLett.119.201804
https://doi.org/10.1103/PhysRevD.104.115026
https://doi.org/10.1103/PhysRevD.104.075027
https://doi.org/10.1007/JHEP05(2021)191
https://doi.org/10.1007/JHEP05(2021)191
https://doi.org/10.1007/JHEP11(2021)120
https://doi.org/10.1007/JHEP11(2021)120
https://doi.org/10.1103/PhysRevD.105.055008
https://doi.org/10.1007/JHEP12(2021)191
https://doi.org/10.1007/JHEP12(2021)191
https://doi.org/10.1103/PhysRevD.106.035036


[40] Carlos A. Argüelles, Nicolò Foppiani, and Matheus Hostert,
Heavy neutral leptons below the kaon mass at hodoscopic
neutrino detectors, Phys. Rev. D 105, 095006 (2022).

[41] Varun Mathur, Ian M. Shoemaker, and Zahra Tabrizi, Using
DUNE to shed light on the electromagnetic properties of
neutrinos, J. High Energy Phys. 10 (2022) 041.

[42] Yu-Feng Li and Shuo-yu Xia, Probing neutrino magnetic
moments and the XENON1T excess with coherent elastic
solar neutrino scattering, Phys. Rev. D 106, 095022
(2022).

[43] Yu Zhang, Mao Song, Ran Ding, and Liangwen Chen,
Neutrino dipole portal at electron colliders, Phys. Lett. B
829, 137116 (2022).

[44] Guo-yuan Huang, Sudip Jana, Manfred Lindner, and
Werner Rodejohann, Probing heavy sterile neutrinos at
ultrahigh energy neutrino telescopes via the dipole portal,
arXiv:2204.10347.

[45] R. Andrew Gustafson, Ryan Plestid, and Ian M. Shoemaker,
Neutrino portals, terrestrial upscattering, and stmospheric
neutrinos, arXiv:2205.02234.

[46] Nicholas W. Kamp, Matheus Hostert, Austin Schneider,
Stefano Vergani, Carlos A. Argüelles, Janet M. Conrad,
Michael H. Shaevitz, and Melissa A. Uchida, Dipole-
coupled neutrissimo explanations of the MiniBooNE excess
including constraints from MINERvA data, arXiv:2206
.07100.

[47] Asli M. Abdullahi, Jaime Hoefken Zink, Matheus Hostert,
Daniele Massaro, and Silvia Pascoli, DarkNews: A Python-
based event generator for heavy neutral lepton production in
neutrino-nucleus scattering, arXiv:2207.04137.

[48] F. Delgado, L. Duarte, J. Jones-Perez, C. Manrique-Chavil,
and S. Peña, Assessment of the dimension-5 seesaw portal
and impact of exotic Higgs decays on non-pointing photon
searches, J. High Energy Phys. 09 (2022) 079.

[49] Nina M. Coyle, Shirley Weishi Li, and Pedro A. N.
Machado, The impact of neutrino-nucleus interaction mod-
eling on new physics searches, J. High Energy Phys. 12
(2022) 166.

[50] Tina J. Leitner, Neutrino-nucleus interactions in a coupled-
channel hadronic transport model, Ph.D. thesis, Giessen
University, 2009.

[51] J. Bijnens, G. Colangelo, G. Ecker, and J. Gasser, Semi-
leptonic kaon decays, arXiv:hep-ph/9411311.

[52] S. Aoki, G. Cossu, X. Feng, H. Fukaya, S. Hashimoto, T.
Kaneko, J. Noaki, and T. Onogi (JLQCD Collaboration),
Chiral behavior of K → πlν decay form factors in lattice
QCD with exact chiral symmetry, Phys. Rev. D 96, 034501
(2017).

[53] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O.
Mattelaer, H. S. Shao, T. Stelzer, P. Torrielli, and M. Zaro,
The automated computation of tree-level and next-to-lead-
ing order differential cross sections, and their matching to
parton shower simulations, J. High Energy Phys. 07 (2014)
079.

[54] Takanori Fujiwara, Taichiro Kugo, Haruhiko Terao, Shozo
Uehara, and Koichi Yamawaki, Non-Abelian anomaly and
vector mesons as dynamical gauge bosons of hidden local
symmetries, Prog. Theor. Phys. 73, 926 (1985).

[55] Adam Alloul, Neil D. Christensen, Céline Degrande,
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