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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
E, Z 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], FASERv [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
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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 O(10 GeV)—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

Published by the American Physical Society
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TABLE 1. Parameters of near detector and individual far detector
modules at DUNE. The numbers are taken from [17,18], where
Siransverses Ldets Lo det> aNd 1y,q 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 Srransverse Ldet Lto det Npycl
ND 2 x 6 m? 4 m 574 m 8.4 x 10 m™3
FD 12x14m? 582m 1285km 84 x10® m™?

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 x 10*! PoT/year, generating a large flux of light
mesons such as 7+, K9, 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 1.

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 beam modes. 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 £, <5 GeV, important
to study CP violations in neutrino oscillations and the tau-
optimized configuration, for which the flux of z neutrinos at
the FD with E, <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

@, = (1)

PoT * Ptransverse v
where Np,t is the number of protons on target, Sy ansverse 15
the transverse area of the detector (Table I), and dN,/dE, 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 7™+,
K*, K?, and muons. The low-energy part of the spectra
of v, (ED” <6 GeV) and v, (E, <10 GeV) originates
from decays

"t =y, ot = v+ 0, et (2)
correspondingly. The high-energy tail comes from decays
of kaons K*, K. The relative suppression v, /v, comes
from the fact that muons are long-lived, 7,,/7,/x 10%, and
only a small fraction of them, ~1072, 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
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FIG. 1. Neutrino fluxes as defined in Eq. (1) of v, ,, at the

DUNE ND and the flux of v, at the DUNE FD (due to v, — v,
oscillations), assuming neutrino operating mode of the focusing
horns. Note that v, fluxes are magnified by a factor 10° for better
visibility. The results for two beam configurations are shown: the
CP optimized (solid) and the tau-optimized (dashed). Note that
the v, flux at the ND does not depend on the horn configuration
since it originates from decays of promptly decaying D, mesons
and 7 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 v, ,, we will only consider the ND. The
reason is that the fluxes of v, , 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 V., namely,
@ x V4 at the FD to that at the ND. Using that Vg /Vip &
800 if assuming four FD modules (Table I), and neglecting
the oscillations for the moment, one has

(I)FD Vv L 2
e T2 800 x <t—ND> =1.6x10%,  (3)
@, Vo to FD

where (L nxp/Li rp)?> ~2 % 1077 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 7 neutrinos. At the DUNE ND, their
main production channels are the decays,

D} -t +u,, >0+ X, (4)
and their charge conjugated channels, where X denotes
lepton or hadron final states. Since D, and 7 decay
promptly, their distribution (and hence the flux of 7
neutrinos and antineutrinos at the ND) is not affected by
the horn configuration. However, the flux of these D, /z-
originated v,s or ;s at the FD would be too small compared
to the flux of v, originated from the oscillations v, — v,
and therefore, the former can be safely ignored. Only the
latter (v, from oscillations) would be present at the FD
when we calculate the sensitivities of neutrino mode to
new physics.

The DUNE simulations did not include D; mesons and =
leptons. To generate the 7 neutrino flux, we have used the
spectrum of D, mesons from [23], then simulated the decay
chain (4) (see the Appendix A), and selected the 7 neutrinos
that point to the ND.

The relative flux suppression v, /v, at the ND parametri-
cally behaves as

O, P,,_p -Br(D, - 1)
oP P

PE, = 3x 1078 x PE,- (5)

pp—)ﬂ'+

Here, P, .p ~4x107°% P,, .+ ~ 6.3 are multiplicities
(the number of decayed mesons per PoT) taken from [24],
Br(D; — 7) ~ 0.055 [25], and pj is a factor depending on
the neutrino energy, varying from O(1) at E, <3 GeV to
~103 for E, ~ 50 GeV. The reason for this behavior is that
7 leptons (and hence 7 neutrinos) have much larger mean
energy than pions and kaons (and hence v,/,), decaying
inside the decay pipe.

Apart from the production in decays of mesons and 7
leptons, v, may also be produced via oscillations v, — v,.
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 v, flux at the FD (see Sec. II). To obtain
the oscillated flux at the FD, we have first extracted the flux
of v, at the FD, and then convoluted it with the oscillation
probability,

Am’L
P, ., ~0.943 x sinz( o ) (6)

assuming Am? = 2.523 x 1073 eV? and L =~ 1300 km for
all neutrinos. The resulting flux is

L 2
FD _ 5FD ND to ND
(I)u, - (I)y,‘ X Posc = (DU,A X ( X Pu,,—w,’ (7)
to FD

where PU#_”,T is O(1) at the FD. Since the oscillation
probabilities v, — v, and 7, — U, 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 7 neutrinos and antineutrinos at
the FD.

Therefore, the v, 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 7 flavor. To
illustrate this, let us again compare the products of the flux
times the detector volume. For the CP-optimized horn
configuration, using Egs. (5) and (7), one has

(I)zliD X VFD ~1x 103 Posc(Ev)

‘D,I,\I,D X Vnp PE, ®)
Considering the FD and E, <5 GeV, both Py and pp
can be of O(1), leading to the ratio in Eq. (8) being very
large. Hence, the FD may provide better sensitivities to new
physics coupling to v, [15]. However, since Py (E,) ~ E;?
at energies E, 2 10 GeV, together with large pp 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 E, = O(1 GeV), quickly drops and becomes
O(1) at E, ~ 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 v,, depending on their mass.

055029-3
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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.

Horn

Detector configurations N, N, N,

1.3x10™* 1.2x1072 7.5x1071°
Near detector tau-optimized 1.0x10™* 1.4x1072 7.5x10710
Far detector CP-optimized 1.8x10™° 8.9x10™° 1.5x10°%
Far detector  tau-optimized 1.05x107™° 1.4x107% 1.1x1078

Near detector CP-optimized

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: E, < 6 GeV and
E, <10 GeV, correspondingly. This is reasonable if
one studies the production of particles ¥ with mass
my < E, ... Indeed, first, the production of such particles
does not require large energies. Second, only a tiny fraction
of v,, v, have energies E, > 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 = 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 are'

v+p—-Y+p, v+p—->Y—+u+tn, 9)

where n, p are nucleons, and in the second process
a threshold for the invisible transverse momentum of
Pry > Prmin = 0.5 GeV is required to suppress back-
grounds (we will discuss this in more detail in Sec. IV).

The minimal energy E,.;, of the neutrino required
to produce the particle Y in these processes is,
correspondingly,

lApaI’t 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 ¥ with the given
mass my, while the latter is suppressed due to nuclear form

-1
factors for large masses my > 7, jcar-

100F
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Ev,min [GeV]
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—Vv+p-o>Y+p
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FIG. 2. Dependence of the minimal neutrino energies Eilgn(f ),
Eq. (11), required to produce a particle Y in the scattering
processes in Eq. (9), on the ¥ mass. The short- and long-dashed
black lines denote, correspondingly, the maximal energies of v, ,
and v, obtained in the simulation (see Fig. 1).

2
_ 2m,my + my

(1
Eu,min - T’ (10)
3 2 P | 2
o |:mn + m, + \/m + 2(m,7,-j:ll:1/,):| —Mp
Ey,min = 2m .
P

(11)

The behavior of E,El]zll(f ) 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 v,,), or to my ~10 GeV
(from v,) if neutrinos with energies up to 100 GeV are 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]

[’dipole = daNUIwPLIJuF’w + H.C., (12)

where v, is the SM neutrino of flavor a =e, u, 7,
Ou :%[7/477/1/]’ P, = (1 _}/5)/2’ F;w = 0/4Az/ - aI/AM 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

055029-4
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(a)

FIG. 3.

Production channels of HNLs via the dipole portal in Eq. (12) through (a) neutrino up-scattering, (b) promptly decaying

mesons 7° or 7, and (c) decays of long-lived mesons z~ or K~. For the neutrino up-scattering process, 7 and X denote electron, nucleon,

nucleus, or an arbitrary hadronic state.

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 d, 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 d, 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],

Uy +T—> N+T, (13)

where T = 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,
Uy + p/n = N + 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], z50, K*°, 5, p°,
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 d, at the ND.

The main HNL decay channels are

N-oy+ve NoIF++y. (14
with [ = e, p. The dominant channel is the monophoton
channel, with the decay width being

AR
FN—)I/(‘]/ = TN (15)

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 my > 2m,;, the decay width behaves as

apm|dy P m3 m3
FN_%FFNEMTHN log m—llg -3). (16

The branching ratios of the leptonic decay modes are
shown in Fig. 4. At large masses my > m,, the suppression
of the leptonic decay width with a factor agy /37~ 1073
compared to the photon channel (15) gets partially com-
pensated by the logarithm.

10_1: T T T
10
2 1073
8
I
CE 10—4k
10_5i —N - vee
El —N- vy
10—6 N | N | N | M
1073 1072 107" 10° 10"

my [GeV]

FIG. 4. Branching ratios of the leptonic HNL decay processes
NI+ +u,
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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 — v +y.

(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
Alpyng =~ 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
Alpyne from its production point, such that its
production and decay points cannot be resolved at
DUNE. It is the main signature for heavy HNLs
my 2 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 v+ T — v + 7° + X [15], with sub-
sequent decays 7° — 2y, 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
v+T —- n+ 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 heavy W/Z, which

*Whether 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.

do not restrict the transferred momentum, while for the
dipole portal it is a photon y, which prefers g> — 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
Nevenis = 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 my 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
my < 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, ljecayn =
ctyyy & my*d=2, and HNLs that are produced outside the
detector decay before reaching the ND. To increase /gecay s

one needs to decrease d%. 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 my ~ 1 GeV.

The dilepton signatures, with both prompt and displaced
pairs of leptons, are subdominant due to the small branch-
ing ratio Br(N — [7/7v). 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 = d, , is strongly
suppressed compared to the ND. This is because of the
much smaller neutrino flux of v, , 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 = d_, there is a complementarity between the ND
and FD, as illustrated in Fig. 5 (bottom right). As we have
already discussed in Sec. II, v,s 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 my < 1 GeV, where
the energy of neutrinos is not important. However, for

~ = 1 GeV, where the HNL production requires large
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FIG. 5.

Sensitivity of DUNE to HNLs with dipole portal interactions with v,, v,, v, according to Eq. (12), from top to bottom,

respectively. Isocontours correspond to two events of decaying HNLs per year at the DUNE ND for d, and d, or ND and FD for d..
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 (“d,”) and assuming d; = d, tan(By) (“dz,”).

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 v,. 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 d; 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 d;, =0 and d; #0. If d; #0 and assuming
coupling to v,, then DUNE may only probe HNLs with
masses my < 4 GeV, while if d, = 0, then the sensitivity
extends to my ~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.” 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 I'y. 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

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 14d).
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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)] ford = d, = 1 GeV~! and
d = d, =1 GeV~!, assuming different horn configurations. Remaining panels: comparison of the two-event per year isocontour curves
for the two horn configurations for d, (top right), d,, (bottom left), and d; (bottom right).

of events is Nyens & d’I'y, hence being twice larger for
Majorana HNLs. Since I'y o« @2, in the plane d — my, the
lower bound of the sensitivity would be 2'/* lower for
the Majorana particles. In the opposite regime of short
decay lengths, the number of events behaves as Nyqps &
d* x exp[—lninLy/cyy], where [, is the minimal dis-
placement for the given signature. For the prompt signa-
tures, [, =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 v/2 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 v, 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
E, > 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

~ 2 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]

(17)

Ja ,—
*Cneutrinophilic = 7451/(11/04 + H.c.,

* neutrinos at the ND are produced mainly by decays of D,
mesons and 7 leptons, which occur almost instantly after the
production of these particles inside the target. Therefore, the v,
flux is insensitive to the horn configuration.
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p n

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

where v means charged conjugated neutrino field, and ¢ is
a massive complex scalar carrying lepton number —2. The
interaction in Eq. (17) can emerge from a dimension-six
operator of the form (LH)(LH)$/A?, 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 m and g, [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 py [12,49], e.g.,

v+pt =t +ut X, (18)

where X is a hadronic final state, and ¢ leaves the detector
invisibly or decays into neutrinos and hence leads to
missing pr (see Fig. 7). Indeed, since neutrinos are
collimated with respect to the beam axis, they carry
negligible p;. Therefore, the products of the reaction
(18) have total zero py. Finite reconstruction efficiencies
smear the p; 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 ¢b. 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
pr of muons and nucleons produced by the process
v+n— p"+u~, assuming the muon charge identifica-
tion, drops to zero at py ~ 0.5 GeV.

In [12], the sensitivity of DUNE to the neutrinophilic
scalar portal has been estimated by considering the QE
scattering,

v+ pton+p+ut, (19)

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

1 T T T o
g 1
k3 7,
Excluded & /7 )/
0.100f 7,/
g/
/a4
"z
s
& 7
0.010———————— - rtad
L —————~ - Quasi-el, CP-opt.
— — — Quasi-el+DIS, CP-opt.
Quasi-el, T-opt.
0.001¢ — — — Quasi-el+DIS, t-opt.
0.05 0.10 0.50 1 5

mg [GeV]

FIG. 8. 90% C.L. sensitivity (Neyens > 2.3 in background-free
regime) of the DUNE ND to the a neutrinophilic scalar interact-
ing with v, 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 ¢ 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.

of [12] in the following ways. First, we include the high-
energy tail of the neutrino flux, by considering also
neutrinos with £, > 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
), my 2 rl‘,1 ~ 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 g,, considering
the scalar interactions with v,, is shown in Fig. 8. We
require pr 4 > 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 Nyenis > 2.3 for the full DUNE exposure of
five years in the neutrino mode (5.5 x 10?! 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
v, and v, DUNE has no sensitivity. There are two reasons
for this. First, in the case of interactions with v, ,, electrons
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and 7 leptons would be produced in the process (19) instead
of muons. It is more difficult to look for missing p7 in this
case since it is more complicated to reconstruct the
kinematics of electrons and 7z (which, in addition, decays
into 7 neutrinos). Second, even if assuming a perfect
kinematics reconstruction of e and 7, the fluxes of v,
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, 7 cases remains very
similar to the case of the interaction with v, 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 masses m; < 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 my~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 py > 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 py. Therefore, the cut py i > 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 pr s > 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 E, 2 10 GeV are
important for the production of heavy particles with masses
m 2 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, DUNE may 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 + 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 v, and v, 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 v, 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 x, instead of
decaying, get absorbed outside the decay pipe because
of their long lifetime. The decaying muons typically
have small energies E, < 10 GeV, which means that they
mostly produce low-energy neutrinos. Second, in the
DUNE simulation, only a fraction of kaons, namely,
Br(K — v,)/Br(K = v,), has been used to simulate
decays into electron neutrinos. This results in large wiggles
in the obtained distribution for energies E, = 30 GeV.
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FIG. 9. Electron and muon neutrino fluxes at DUNE ND. The
solid lines show the fluxes obtained by regenerating meson
decays into v, ,, while the dashed lines show the fluxes extracted
directly from the DUNE simulation files (see text for details).

Instead of using this direct flux, we have resimulated the
decays of z, K, u into v,, 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:

Gp _
Mﬂ+—>§”+u5+e+ zjgv(pﬂ)yﬂ(l - YS)v(pb#)
X ﬁ(pue)yﬂ(l - YS)U(pe)’ (Al)

Grfax
Mﬂ+/K+—>Z++L/l ~ \/g/

Pk X 4(py, )Y (1 =ys)v(p).

(A2)
Mo ayaar % 2, ) (1 = 13)0(p)
X | (Pz+ Pr)uf+(Px — P2)?

+(Pz = P)f-(Pk = P2)*|  (A3)

for the muons, pions, and kaons [51], correspondingly,
where f, are K — 7z transition form factors [52]. As a
cross-check, we have verified that the phase space distri-
bution of particles in the process u* — e* + v, + 7, at the
rest frame of decaying u™ generated by us coincides with
that generated by MadGraphs [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 v, has fewer wiggles at high
energies. Small differences at energies £, < 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

2/p—y+N+v, P’ >N+, (B1)
going through a virtual photon, and
mt/K* > N+y+ 1%, (B2)

going through a virtual neutrino, see Fig. 3.
The Lagrangians describing the SM vertices of the
decays (B1) and (B2) are

1

[’mOJ/V = gmoyymOFquW’ F;w = EGMV(lliFaﬁ (B3)

for the transition 7° — yy*(— N + v);

ﬁm'lu = fm‘lya/,tm_j}/ﬂ<1 - }/S)I/lv m- = ﬂ_/K_ (B4)
for the transition m~ — ["7;(— Ny); and [54]
Lo, = g,0,pHA¢ (B5)
for the transition p° — y*(— Nv).
The values of the effective couplings in these
Lagrangians are
_ %M -3 -1
Gmdyy = daf 6.2 x 107 GeV~', (B6)
where f,0 ~93 MeV and f, ~ 116 MeV;
foo=f G P { 1.06 x 107 GeV~™', m~ =z~
il I EET M T 291077 GeVT!l, mm =K~
(B7)

with f,,- being the decay constant (f,- = 93 MeV, fx-~

110 MeV), and VU)) the Cabibbo-Kobayashi-Maskawa
(CKM) matrix element corresponding to two quarks
representing the meson (V,, for K~ and V ,; for zn7);

Q

m 2
g, = 2 %0135 GeV>.

ST

(B8)

Sl
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The matrix elements for the processes m® — y + N + v, where m

o
Moo pyyiney =d -2 %eﬂmﬂFﬂK(pﬁ
1

X o [p(Nu),(lp(Ny)./)g/}ﬂ + P(nv).pP(Nv).6Y9ap —

P

Here, P(Nv)a = (pN + pl/)a’ and Fm/(py) = py,ﬂeu(py)

The matrix element for the process m~ — ["yN is

0= 2%y, are

P(Nv),aP(Nv).e9pp — p(Nu),/ip(Ny),pg(m] Xy (pzz)a/mu(pN) .

(B9)

— py.€.(p,), with € being the polarization vector of the photon.

_ I+y

Mm’—»lyN = fm’lv =d- Fﬂu(py) m’.au(pl)yo.(l - 75)D(u)(py + pN) > o-lwv(pN)' (BIO)

Finally, the matrix element of the decay p® — N + v is

Yoy P YapPpy -
My = pyealpy) - d - 20 1 (p,) o v(py). (B11)
P
|

The decay widths are computed as [25] The resulting branching ratios under the assumption
e |d| =1 GeV~! are shown in Fig. 10, where we use the
Tylyy = | | |p)2/ | (B12) SM decay widths of the mesons from [25]. The largest
87 my branching ratio is for the decay K~ - N +y+[". It is

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

Iy_yzy = /dedeZUT (B13)

where my, = (p, + pp)*. In the limit of my; < Mpeqons
the decay widths are

apyd® mio

~ d2f2 GJZV My~ |VCKM|2
—Nv 36

r
7’ 1927 ’

m~—yNI~

d2 2 mS
T, M
967>

(B14)

—-Nyv ™~

] —— o e+N+y

E - - = T p+N+y

1 —— K*> e+N+y
i - - = K*s u+N+y
] —— 1% vN+y
| — n- v+N+y

—— p° > N+v

FIG. 10. Branching ratios of the HNL production by decays of
mesons via the dipole portal [the processes (B1) and (B2)].

larger than the ratio for the decay n~ — N +y + [~ due to
the scaling I,y « m)-. Indeed, the SM decay
widths of the charged mesons scale instead according to
I~ sm & my,-. Therefore, we have Br,,-_y., /- & ma-.

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 v+ T — N + X,
where T is a target particle, and X denotes an arbitrary
final state. In this study, we consider the following processes:
T=e,X=c¢
T = Ar, X = Ar;

T=n/p.X=n/p;

T =n/p,X =hadrons.  (B15)
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 doy, . .4(E,, 0%)/d0?,

with Q? 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,

dalz\;,prod (EI/’ Qz)

dQ2 ’ (B16)

(Thoms) = [ dEAQ(E)
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where f,(E,) is the neutrino distribution function:

®,(E,)

fu(Ey) = TdE, ()"

(B17)

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 Z?2 /A. However, the nuclear electromagnetic form
factor exponentially suppresses large momentum transfers
(and hence the production of heavy HNLs), and at masses
around my ~ 1 GeV, the scattering off nucleons start to
dominate. At mass my ~ 8 GeV (12 GeV) for the produc-
tion from v,/, (v, 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

v, +p — N+ jet, (B18)

with further interfacing to PYTHIAS 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 v up-scattering off electrons. As a cross-
check of showering, we have reproduced the DIS
neutrino cross section v+ n — p + X from [57] within
the systematic uncertainty for the neutrino energy range
1 GeV < E, <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 Q% > 1 GeV? 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).
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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 E, <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 f(")(1y, Ey).

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
6 ~ 107°~10~* 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
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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 A6 & v/Syansverse/ (2 X 304 m) = 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
HNLSs 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.

055029-14



DIPOLE PORTAL AND NEUTRINOPHILIC SCALARS AT DUNE ...

PHYS. REV. D 107, 055029 (2023)

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 :CTNPN/mN, where N :Fdecay.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:

(upsc)
N prod,eff

Z € g;g())m

T=nucleus,n/p

(T)
X <0N.prod> X Npyel X Lscatt,eff-

= Ny.tot X

(B19)

Here, N, is the total number of neutrinos produced
at DUNE. Note that €., 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 (o yoq) is the mean scattering cross
section (per nucleon) of these neutrinos; n,, is the nucleon
number density; L., i 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 n,,q ~ 1.4 x 10° m=3 [25], and

Lscatt,eff = min[Lcrust’ ldecay,N(mN’ d)]’ (BZO)

where L., =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 =~l;..,, N effectively
contribute to the flux of HNLs that can reach the detector.
We assume py = 10 GeV as the characteristic momentum
of short-lived HNLs.

For the inside events, we take 7,,,~ 8.4 x 10 m~
(see Table I) and L.y eff = Lger/2 = 2 m [the origin of the
factor of 1/2 is explained around Eq. (B27)].

The difference in <O'§\i/),pr0d> at the ND/FD and at crust is
O(1), given by somewhat different neutrino distributions

3

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

Nirodelf _ chomuide)  pouside  pouide,
N o) it Lt
o
250 i (ND),
= (outside) (B21 )
1.8 x 10*%2n - (FD).

geom

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 O(1) 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 (Lgei/Lgcagefr) X
(ncmst/nND ) ~ 3 Jarger 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 L.

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
HNLSs have to travel the distance of O(1300 km). Since the
HNL decay length ctyyy o 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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N { Zm Nm,tot X Br(m - N) X €geom X exp[_Lmin,eff/ldecay,N}
prod,eff —

(T)
Nv X ZT<O-N,prod> X Ryyel X Lscatt,eff

Here, N,, o is the total number of mesons m produced at
DUNE, €geom is the fraction of produced HNLs that travel
to the detector, and eXp[—Lyin cfr/ ldecay,n] accounts for the
exponential suppression of the flux of short-lived HNLs
produced by decays of mesons. In particular, for d =d, ,,
HNLs are produced by long-lived mesons, and we fix
L inerr 221 m, which is the end of the decay pipe [6].
For d = d,, where the production comes from promptly
decaying mesons, we fixX L, et = Lo ger = 574 m.

The ratio of the produced HNLSs resulting from Eq. (B22)
is shown in Fig. 12. From the figure, we see that except for
the production via d,, for which the v, 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
(Lerust = 304 m):

Br(m - N)
P

Br(m —» N)
(T)

~ <1074-1072,
scattering <0N.pr0d> X Apyel X Lcrust

(B23)

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 d, consists of two parts:

__ ajup—scattering mesons
Nevents - Nevents + Nevents ’

(B24)

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

(T)

‘ d(oN o)
upsc,in Nprod/E, et
N events ~ N v,detector X E : / dEN dE Myel
T=e,N,Ar,DIS N

X (Pgecay(Ey) - L) x Br(N — channel). (B25)
Here, N v.detector — Stransverse f q)y(Ev)dEu is the total num-
ber of neutrinos flying in the direction of the detector, with
Siransverse De€INg 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 d<61(\ITgrod> g,/dEy is the differential production cross
section (per nucleon) averaged over neutrino energies. Also

(mesons),
(B22)
(up-scattering).

I
note that nd, is the nucleon number density (which

corresponds to the liquid argon for both ND and FD).
Note that (Pgecay(Ey) - L) is the HNL decay probability
averaged over the length of the detector L available for
neutrino scatterings:

L

lN ,decay

Ldel_Lmin
<Pdecay(EN) ) L> - /0 dL

X exp[_(Ldet - L)/IN,decayL

lN,decay = CTNpN/mN’ (B26)
where the factor L comes from the production probability
in the neutrino up-scatterings, Pproq = 67y L, and ' =

d*m} L
‘g”. The parameter L, is either 0 or Alpyng = 1 cm,

depending on the considered signature (displaced or
prompt decays). In the limit /y gecay > Lmin, this expression
simplifies to

2
(P (E) - L) o5 (827)
2ldccay‘N
Finally, Br(N — channel) is the branching ratio of the
HNL decay into the given particle state, which is vy, vee,
vup 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

upsc,out
N, ~ Nu,tot X

E : (T) crust 5, (7)
events <6Npr0d> X Myl X €geom

T=(e,n/p,Si)

Lmda
X/ dENA lef(T)(EN,lN)Pdecay(EN,lN),

(B28)

Piecay(En. Ly) is the decay probability for a HNL with the
energy Ey produced at a point located at the distance [y
from the beginning of the detector,

Pdecay (EN’ ZN) = exp[_lN/ldecay,N]

- exp[_(lN + Ldet)/ldecay,N]’ (B29)

and f(Ey, ly) is the HNL distribution normalized by unity.
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Finally, the number of events from the decays of
mesons is

Nmesons o E N,, xBr(m = N) x eé’éﬁfm
m

L ipe
x / dEy A " dly ) (Ey, Iy)Paecay (Ens L)
my

(B30)

Here, N o0 egc"gm have been already introduced in
Eq. (B22). Note that Ly, ~221 m is the distance from
the DUNE target to the end of the decay pipe. For short-
lived mesons such as m=z%/n/p° fU)(Ey.ly)=
fU(Ey) x 8(1y — 574 m).

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 my <2 GeV, the lower
bound d,,,,., decreases, reaches its minimum at some mass
My peak» and then starts increasing. The reason is the
following. Schematically, the number of events is
Nevents = Ny prod X Pdecay- SINCE Pyecay < 1, the sensitivity
cannot cover couplings smaller than defined by the con-
dition Ny pro¢ = 2. The number of produced HNLs is
NN.prod = f(mN) : dz’ where f(mN) & <6N,pr0d> is the pro-
duction cross section. As a result, we may define the
=2 = V/2/f(my). At HNL masses
my <1 GeV, demdzz remains practically constant. The

reason is that the cross section weakly depends on my in
this range (Fig. 11).
In the domain of small HNL masses and at dem =2, the

minimal coupling dy

HNL decay length Ly gecay = cTyyy & my*d™? is paramet-
rically very large, Iy gecay > Lio aer- Therefore, the decay
probability is Pecay ® Laet/ Iy decay < 1 [remind Eq. (B27)].
Plugging this expression in the expression for the number
of events, we get

Nevents x f(mN)dz X m?vdz = f(mN)m?V ’ d47 (B31)
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) f(my) drops,
which leads to the increase of dem =2+ As a result,
Pdecay(dem —2) becomes O(1), and mass dependence of
the lower bound becomes to be determined only by the
behavior of f(my), which quickly drops at these masses:
diower ® d Noroa=2+ The position of the minimum of the lower
bound, which we denoted as my ., may be estimated

as Nevents(mN’ demd:2) ~2.

APPENDIX C: NEUTRINOPHILIC SCALAR
PORTAL

1. Production
a. Quasielastic production

Consider the production process,

wtpontgtut (C1)
The matrix element of this process has the form
9¢GF _
M= cos(0.)v(p,
o cos(0:)7(p.)
XDv(pv_pcﬁ)yﬂPLU(pﬂ)u(pn)rﬂu(pp)' (C2)

The pn effective vertex I', is [59-61]

;
Fy(l?p,l?n) ZYy(FV1<q2)_ySFA(q2))_Wo-ﬂuquV2(q2)
P
q
——LysFp(q?),
mp

(C3)

where ¢ =p,—p, is the momentum transferred to
the nucleon, and F are form factors. Their explicit
expressions are

o __2mj
Fu(q?) _(1+|q2|/m§)2’ Fp(q*)= |q2|+m,2,FA(QZ)’
(C4)
For(q) = GE@) ~ GH@) ;ri(f/’&(qz) ~ Gi(@)
(Cs)
Foo(q?) = S0(4) = GX4(612)1 _+(TG§(QZ) ~Gi(@).
(C6)

where 7 = |¢?|/(4m3), and G p are electric and magnetic
form factors. In dipole approximation, they read

art
Gg(QZ)zGDWz)’ G%(qz):—ﬂanD(q2)7 (C7)
Gu(a®) = u,Gp(@®),  Giy(d®) = uGp(q*),
1
(C8)

Gp(q*) =75
D(Q) (14—%)2

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

Parameter a b My my A
Value 0942 4.61 1.026 GeV  0.843 GeV  1.26
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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 ¢ 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].

with p, = 2.793, u, = —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 v, +n — u + p, while in order to verify the 2 — 3
phase space calculation we have obtained the cross section
of the process v, +y — v, +u* + u~ 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 g, — 0:

FAN1.26, FVlzl, sz:FP:O. <C9)
b. Deep-inelastic scattering production
The DIS production process is
Vy+p—=put+ X+, (C10)

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

(C11)

Nevents = N, X 6inyye1Lgers
i=quasi-el,DIS

where n,,, is the number density of nucleons, Ly is the
DUNE ND detector length, and o; are the production
cross sections for the processes (C1) and (C10), where we
require pr, > 0.5 GeV. To obtain the sensitivity, we
require Ngyens > 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 ¢ masses but even the
domain of small masses mj, < 1 GeV. This is caused by
the transverse momentum cut py 4 > 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.
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