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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, = 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]. Ex-
amples of currently running and future neutrino beam
experiments are T2K [2, 3], MiniBooNE [4], Micro-
BooNE [5] and DUNE [6]. Other promising facilities to
look for such new particles are LHC-based experiments
such as SNDQLHC [7], FASERv [8], or beam-dump ex-
periments like SHADOWS [9] and SHiP [10].

The goal of this paper is to demonstrate the poten-
tial 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 neutrinophilic 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 calcula-
tion 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 O(10 GeV) — a
few times larger than what it was obtained in the previ-
ous 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 pre-
diction of the dipole portal, allowing us to identify this
model in case of detection.
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Detector Stransverse Ldet Lto det Mnucl
ND 2x6m? | 4m | 574m |84 %10 m~3
FD |12 x 14 m?[58.2 m|[1285 km 8.4 x 102 m—3

Table I: Parameters of Near Detector and individual Far
Detector module at DUNE. The numbers are taken from [17,
18], where Stransverse, Ldet, Lto det, and mnue stand for the
fiducial cross-sectional area of the detector, the fiducial length
of the detector, the distance to the proton collision point, and
the nucleon number density, respectively.

The paper is organized as follows. In Sec. II, we dis-
cuss the flux of neutrinos at DUNE and stress the impor-
tance 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 scatter-
ing 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. Tech-
nical 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 pre-
cisely 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 102!
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 neutri-
nos are supposed to be studied in two detectors — the
near detector (ND) and the far detector (FD). The for-
mer 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 10-kton LArTPC modules at a dis-
tance of 1285 km from the target; one can refer to Fig 1.4
in Ref. [17] for the layout of the modules. The useful pa-
rameters of ND and FD are summarized in Table 1.

In order to maximize the flux of neutri-
nos/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
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Figure 1: Neutrino fluxes as defined in Eq. (1) of ve - 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. 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 Ds mesons and 7 leptons.

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 antineutrino beam modes. To be
specific, in this work, we will only consider the neutrino
mode.

In addition, there are two horn configurations consid-
ered by the DUNE collaboration: the CP-optimized con-
figuration, which maximizes the flux at £, < 5 GeV im-
portant to study CP violations in neutrino oscillations,
and the tau-optimized configuration, for which the flux
of 7 neutrinos at the FD with E, < 5 GeV is some-
what 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 dN,

@I/ )
NPoT . Stransverse dEV

(1)

where Npor is the number of protons on target, Stransverse
is the transverse area of the detector (Table I), dN, /dE,
is the differential distribution of neutrinos traveling in the
direction of the detector. The fluxes at 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 pro-
duced mainly by decays of light long-lived mesons such
as T, K+, K9?, and muons. The low-energy part of the

spectra of v, (E,, < 6 GeV) and v, (£,, < 10 GeV)
originates from decays
v, +ut, wt oS ve+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, /k 102,
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 simula-
tion (G4LBNF) of the LBNF 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, let us compare
the products of the flux times the detector volume Ve,
® X Vget, at the ND and FD. Using that Vep/Vap = 800
if assuming four FD module (Table I), and neglecting the
oscillations for the moment, one has

(I)FD VFD L 2

Ve/n to ND —4
——— ~ 800 x =1.6-1077, 3
@55# {45 ( to FD ) ®)

where (Lio ND/Lto rp)? =~ 2- 1077 is the solid angle sup-
pression (see Table I). Thus, the FD is less relevant for
searching for hypothetical BSM particles interacting with
these flavors.

Let us now discuss 7 neutrinos. At the DUNE ND,
their main production channels are the decays

DfYf w71t 4+v, 7720 +X (4)

and their charge conjugated channels, where X denotes
lepton or hadron final states. Since Dg and 7 decay
promptly, their distribution (and hence the flux of 7 neu-
trinos and antineutrinos at ND) is not affected by the
horn configuration. However, the flux of these Dy/7-
originated v,s or s at the FD would be too small com-
pared to the flux of v, originated from the oscillations
v, — V7, 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
7 leptons. To generate the 7 neutrino flux, we have used
the spectrum of Dy mesons from [23], then simulated the
decay chain (4) (see the Appendix A), and selected the
T neutrinos that point to the ND.

The relative flux suppression v, /v, at the ND para-
metrically behaves as
(I)lliD-i-DT ~ Ppp—p, - Br(Ds = 7)

ND
(I)yu Ppp~>7r+

pE, ~=3-107° x pp, .

(5)
Here, Py,p, ~ 41076, Py_x+ = 6.3 are multiplic-
ities (the number of decayed mesons per PoT), taken
from [24], Br(Ds; — 7) ~ 0.055 [25], and pg, is a fac-
tor depending on the neutrino energy, varying from O(1)
at E, <3 GeV to ~ 10® for E, ~ 50 GeV. The reason
of 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, —
vy. This channel is not relevant for the ND, since the
typical neutrino oscillation length is much larger than the
distance from the target to 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
) ©

iE,

P, . ~0.943 x sin® (

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

2
L
FD _ xFD ~ HND to ND
@VT — ®Vu X POSC — ¢’/H X <F]D X PV}LHDT’ (7)
to

where P, ., is O(1) at the FD. Since the oscillation
probabilities v, — v, and v, — U, are the same up to
small CP-violating effects, independently on the oscillat-
ing neutrino energy, the property of the relative suppres-
sion of the antineutrino to neutrino fluxes in the neutrino
mode translates to the fluxes of 7 neutrinos and antineu-
trinos 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), (7), one has

OFD x 1 P (E,
Zve 2 VFD 103M . (8)
®ND x Vp DE,

Considering the FD and E, < 5 GeV, both P, and
pg, can be of O(1), leading to the ratio in Eq. (8) being
very large. Hence, the FD may provide better sensitiv-
ities to new physics coupling to v, [15]. However, since
Pos(E,) ~ E;? at energies E, > 10 GeV, together with
large pg, they cause the suppression of this ratio at large
energies. As a result, with the increase of the neutrino



Detector| Horn conf. N,, Ny, N,
ND |CP-optimized| 1.3-10"* [1.2- 10 ?[7.5-10"'°
ND |[tau-optimized| 1.0-10-* [1.4-10"2[7.5-10"1°
FD |CP-optimized| 1.8-1077 [8.9-107°[1.5-107®
FD [tau-optimized|[1.05-1077[1.4-10"%[1.1-107®

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 oscil-
lations are included. Two horn configurations are assumed:
CP-optimized and tau-optimized. For FD, we report numbers
corresponding to one module.

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.

The total numbers of neutrinos traveling in the direc-
tion 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 scatter-
ings 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 Y with mass
my <K Ey max. Indeed, first, the production of such par-
ticles does not require large energies. Second, only a tiny
fraction of ve,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 sensitiv-
ity 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+n, (9)

L Apart from the scatterings off nucleons, [15] considered scatter-
ings off electrons and nuclei, but the former requires much larger
neutrino energies to produce a particle with the given mass, while
the latter is suppressed due to nuclear form factors for large
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Figure 2: Dependence of the minimal neutrino energies
El(,lin(jn 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 max-
imal energies of ve, and v, obtained in the simulation (see
Fig. 1).

where n,p are nucleons, and in the second process
a threshold for the invisible transverse momentum of
Pr,y > Drmin = 0.5 GeV is required to suppress back-
grounds (we will discuss this in more detail in Sec. IV).
The minimal energy E, min of the neutrino required to
produce the particle Y in these processes is, correspond-

ingly,

E(l) _ 2mpymy + m%/

v,min

, (10)

2m,,
2 o

v,min —

2 2
2 2 pT,min 2
|:mn + my + \/ my +pT,min + 2(mn+m#):| - mP

2m,,
(11)

The behavior of E,Elr)m(? as a function of my is shown

in Fig. 2. We see from the figure that at DUNE it actu-
ally 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 electro-weak (EW) scale is [13]

Edipole = daNJMVPLVaF“V + h.C., (12)



where v, is the SM neutrino of flavor a = e, u, 7, 0, =
sVl Pr = (1—75)/2, Fy = 0,A, — 0, A, is the
electromagnetic field strength tensor, and N is a Heavy
Neutral Lepton (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 of this new interaction and study its phe-
nomenological 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 observa-
tion of high-energy neutrinos in neutrino telescope by
studying coherent elastic neutrino-nucleus scattering,
elastic neutrino-electron scattering, deep inelastic inter-
actions, etc. Astrophysical constraints on d, arise from
supernova bursts, Big Bang Nucleosynthesis, 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 por-
tal interaction has been studied previously in Refs. [15,
16]. The HNL production mechanism studied there was
mainly quasi-elastic (QE) neutrino up-scattering [13],

Vo +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 deep-inelastic (DIS) con-
tribution, v, + 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
HNLSs by decays of short-lived and long-lived mesons [13],
at0 K0 5 p0 see Fig. 3 (b), (c) for two example dia-
grams. 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 B1d, in
most cases the production from meson decays plays only
a sub-leading role and the main production channel is ei-
ther inside or outside up-scattering. The only exception
is HNL production via d, at the ND.

The main HNL decay channels are

N—=y+vy, N—=ITHI +u,, (14)

with [ = e, u. The dominant channel is the mono-photon
channel, with the decay width being

do|*m3
FN—n/a'y = |(14|177TN (15)
for Dirac neutrinos.

Above the di-electron and di-muon mass threshold,
the leptonic channel becomes available. This channel
has been considered in ref. [35] in the context of test-
ing the dipole portal at FASER and in ref. [40] in the
context of the T2K near detector. These processes are
sub-dominant. 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

agm|da|?m3 m2
Pyt = # (log [mﬁ’ -3 (16)
i

The branching ratios of the leptonic decay modes are
shown in Fig. 4. At large masses my > my, the
suppression of the leptonic decay width with a factor
agm/3m ~ 1073 compared to the photon channel (15)
gets partially compensated by the logarithm.

The two decay modes lead to different experimental
signatures and imply different requirements for back-
ground 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 events occur when the HNL is produced
outside of the detector (via e.g. decays of mesons
or by neutrino up-scatterings), then enters the de-
tector, and decays through N — v + ~.

2. Double-bang — an event inside the detector con-
sisting 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

2 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 thresh-
old, 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 reconstruc-
tion efficiency.
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Figure 4: Branching ratios of the leptonic HNL decay pro-
cesses N = 1T +17 + v,.

3. Prompt photon/di-lepton — a single event with
a recoil electron/nucleon/nucleus, plus a lepton-
antilepton pair or a photon. It occurs if an HNL
is produced inside the detector and decays within
Alpyng 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 = 1 GeV.

Technical details about estimates of the number of events
for various signatures and comparison of the different
production channels are given in Appendix B.
Depending on the signature, possible backgrounds in-
clude: scatterings v + T — v + 7 + X [15], with
subsequent decays m° — 27, where 2 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); pro-
cesses v + 1T — n + X where X has been detected
while the neutron, being undetected, produced a dis-
placed monophoton 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 par-
ticles. Namely, considering the neutrino scatterings, this
energy is typically much larger since the scattering medi-

For the neutrino up-scattering process, T" and X

ators are heavy W/Z which do not restrict the transferred
momentum, while for the dipole portal it is a photon v,
which prefers ¢> — 0. A detailed study of background
discrimination goes beyond the scope of this paper. In-
stead, we will show the reach of DUNE in the form of
iso-contours corresponding to Neyents = 2 events per 1
year of DUNE operation.

B. Discussion of results

Our sensitivity results are summarized in Fig. 5, which
shows the iso-event contours for various signatures at
DUNE ND and FD assuming the CP-optimized horn con-
figuration. (We comment on the tau-optimized configu-
ration 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
mpy 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 details. At the ND,
the mono-photon signature (caused by decays of mesons
and the outside up-scatterings) dominates at masses
mpy < 300 MeV — 1.7 GeV, depending on the neutrino
flavor coupled to N. The reason is that (i) the outside
medium is more dense and (7i) more length is available
for neutrinos to scatter compared to the ND (see a dis-
cussion in Appendix B 1d). For heavier HNLs, however,
the number of monophoton events rapidly decreases, and
the signature becomes sub-dominant. The reason for this
is that the HNL lifetime shortens with increasing HNL
mass, ldecayN = CTNYN < my d~2, and HNLs that are
produced outside the detector decay before reaching the
ND. To increase lgecay,N, One needs to decrease d?. How-
ever, 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 di-lepton signatures, with both prompt and dis-
placed pairs of leptons, are sub-dominant due to the small
branching ratio Br(N — [*]~v). However, being com-
bined with the events with prompt photons, they may
help in discriminating signal events from background,
and would provide additional information about HNL
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Figure 5: Sensitivity of DUNE to HNLs with dipole portal interactions with ve,v,, v, according to Eq. (12), from top to
bottom, respectively. Iso-contours correspond to 2 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), di-leptons (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 di-leptons 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 dz = d tan(6w) (“dz,").

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.

currently not excluded by past experiments.

An important remark has to be made. The region of
new parameter space of heavy HNLs that may be probed
by DUNE is model-dependent, especially for the case of
the coupling to v,. Namely, bounds from 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 dependence of the bounds by showing
the LEP constraints assuming dz = 0 and dz # 0. If
dz # 0 and assuming coupling to v,, DUNE may only
probe HNLs with masses my < 4 GeV, while if dz = 0,
the sensitivity extends to my ~ 9 GeV.

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 my 2 1 GeV, where the HNL production requires
large neutrino energies, the sensitivity of FD quickly
drops. In contrast, this is not the case for ND, which
allows probing much larger masses in the domain that is

For comparison we show in Fig. 5 also the sensitivity
from Ref. [15], which combines all signatures except for
the di-lepton one. We can appreciate the improved sen-



sitivity 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 com-
pletely similar. The only difference in the sensitivity is
purely numerical: given the same coupling d, the Majo-
rana HNLs would have twice larger decay width I'y. The
effect on the sensitivity depends on the considered pa-
rameter space and the signature. Namely, in the regime
where the HNL decay length is much larger than the scale
of DUNE, the number of events is Nevents X d°I', hence
being twice larger for Majorana HNLs. Since I'y o< d?,
in the plane d — my, the lower bound of the sensitiv-
ity would be 2'/4 lower for the Majorana particles. In
the opposite regime of short decay lengths, the number
of events behaves as Neyents X d2 X exp[—lmin'N/cYN],
where [, is the minimal displacement for the given sig-
nature. For the prompt signatures, /i, = 0, and 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 op-
erator 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 case
of Majorana NHLs 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.? In Fig. 1, we com-
pare the fluxes for the CP-optimized and tau-optimized
configurations. We see that the amount of neutrinos with
energies ), > 5 GeV for the tau-optimized flux may be
larger by a factor up to ~ 20. This translates to a com-
parable increase of the cross section of the production

3 Apart 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 pro-
duction both for ND and FD sensitivities (see a brief discussion
in Appendix B1d).

7 neutrinos at the ND are produced mainly by decays of Dg
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.

of heavy HNLs with my 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]

ACneutrinol;)hilic = gga(bﬁya + H~C~7 (17)

where ° 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-
6 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 comple-
tion and focus on the low-energy implications of the effec-
tive interaction (17). The scalar introduced in Eq. (17)
can also act as a portal to dark matter [12]. SM precision
measurements 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 por-
tal in Eq. (17) may be searched for by an excess of events
with missing transverse momentum pr [12, 49], e.g.

vu+pt ="+t + X, (18)

where X is a hadronic final state, and ¢ leaves the detec-
tor invisibly or decays into neutrinos and hence leads to
missing pr (see Fig. 7). Indeed, since neutrinos are colli-
mated with respect to the beam axis, they carry negligi-
ble pr. Therefore, the products of the reaction (18) have
total zero pr. Finite reconstruction efficiencies smear the
pr distribution even if all the reaction products are de-
tected. However, the resulting distribution is softer than
the distribution of events with invisible particles such
as ¢. 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 par-
ticular, the study performed in [12] has shown that the
distribution of pr of muons and nucleons produced by
the process v +n — p* + p~, assuming the muon charge
identification, drops to zero at pr ~ 0.5 GeV.

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

vut+pt o n+o+ut, (19)

requiring that the missing transverse momentum is
PT,miss > 0.5 GeV. In this work, we extend the analysis
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Figure 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 = d,, = 1 GeV ™!
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contour curves for the two horn configurations for de (top right), d, (bottom left) and d, (bottom right).

D

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

of [12] in the following ways. First, we include the high-
energy tail of the neutrino flux, by considering also neu-
trinos with E, > 10 GeV. This will provide sensitivity
to somewhat larger scalar masses (remind Fig. 2). Sec-
ond, we include form-factors to the QE proton or neutron
vertex [50] in order to take into account that especially
for heavy ¢, mg 2 r, L'~ 1 GeV, the nucleons cannot

be considered as point-like, 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 fur-
ther discussion of the respective impact of each of these
improvements in the analysis.

The 90% CL 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 Neyents > 2.3 for the full DUNE exposure of
5 years in the neutrino mode (5.5x 10%! PoT). If assuming
no muon charge ID, the 90% sensitivity would drop by a
factor of ~ 2 because of the non-zero 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 iden-
tification. As for the cases of the interactions with v, and
v,, DUNE has no sensitivity. There are two reasons for
this. First, in case of interactions with v, ,, electrons and
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(green curves). Solid curves show the sensitivity assuming the
production of the neutrinophilic scalar ¢ by only the quasi-
elastic process, Eq. (19), while the dashed colored lines corre-
spond 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.

7 leptons would be produced in the process (19) instead
of muons. It is more difficult to look for missing pr in
this case, since it is more complicated to reconstruct the
kinematics of electrons and 7 (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 two orders of magnitude (see
Fig. 1). This translates into at least one order of magni-
tude 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 per-
formed for the CP-optimized horn configuration, at small
masses mg S 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 par-
tially 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 mg >~ 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 ex-
tends the probed mass region by ~ 1 GeV.

The point-like nucleon approximation may also af-
fect the analysis of background performed in [12], ac-
cording to which the SM background vanishes at pp >
0.5 GeV. In particular, form factors suppress large trans-
verse momentum 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

10

Prmiss > 0.5 GeV for the signature (18) may be re-
laxed. This question is a subject of a separate study;
however, we have checked that the relaxation of the cut
t0 Prmiss > 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 inter-
act with neutrinos, considering the neutrino dipole and
neutrinophilic scalar portals as examples. Compared to
previous studies, we have included new production chan-
nels, considered various detection signatures, and taken
into account the high-energy tail of the DUNE neutrino
flux. Although the fraction of neutrinos with higher ener-
gies is strongly suppressed, neutrinos with F,, 2 10 GeV
are important for the production of heavy particles with
masses m 2 1 GeV, see Sec. I C. We have demonstrated
that the inclusion of high-energy neutrinos may signifi-
cantly improve the sensitivity, extending the probed mass
range. In particular, DUNE may probe the dipole por-
tal 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 configura-
tion.

For the dipole portal, we have studied in detail various
production mechanisms and signatures in the detector.
Depending on the parameter region, the mono-photon
signal, double-bang signature, or a single event with a
shower + prompt photon or lepton-pair may be observ-
able. The relative size of these signals will be a smok-
ing gun signature to identify the dipole portal model.
Furthermore, different signatures may require dedicated
analysis cuts and background mitigation strategies.
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Figure 9: Electron and muon neutrino fluxes at DUNE ND. The solid lines show the fluxes obtained by regenerating meson
decays into ve, ., while the dashed lines show the fluxes extracted directly from the DUNE simulation files (see text for details).

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
developed 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 =, instead of decaying, get absorbed outside the decay pipe because of their
long lifetime. The decaying muons typically have small energies £, < 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 F, 2 30 GeV.

Instead of using this direct flux, we have re-simulated the decays of 7, K, i into v, allowing all the kaons can 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 _ _

M+ S tvetet ~7;v(pu)’m(1 = 75)v(py,) X wWpy )7 (1 —75)v(pe), (A1)
Grfr _

Mot ) g+ 144, %FTQ/K%/K,M X (P, )Y (1 = v5)v(p1), (A2)
GFVus _

Mg 10 514 om0/~ R (P )V (L = v5)v(p1) X [(Pr + P )uf+(Px — Pr)? + (Pr — PK)puf-(Px — Pr)?]  (A3)

for the muons, pions, and kaons [51] correspondingly, where fi are K — 7 transition form-factors [52]. As a cross-
check, we have verified that the phase space distribution of particles in the process p* — e™ + v, + i, at the rest
frame of decaying u* 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 v, has fewer wiggles at high energies.
Small differences at energies F, < 10 GeV may be explained by slightly different sizes and geometry of the ND
considered in the DUNE simulations and in our estimates.
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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
/=~y +N+v, p°—=N+y, (B1)
going through a virtual photon, and
7F /KT - N+~ +1%, (B2)

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

1

,C,mo,y7 = gmo,Y,YmOFNVFIW, Fuu = §€Mya6Faﬁ (B3)
for the transition 70 — yy*(— N + v);
‘CWL*ZV = fm*luaum_liy“(l - 75)”13 mo = 7"-_/[(_ <B4)
for the transition m~ — [~ 7/ (— Nv); and [54]
Lo, = gpo,ypgA“ (B5)
for the transition p° — v*(— Nv).
The values of the effective couplings in these Lagrangians are:
IEM 6.2-1073 GeV ™, (B6)

Imory = g f

where fro =~ 93 MeV and f,, =~ 116 MeV;

1.06-1076 GeV™!, m~ =7—

B7
29.1077 GeV™!, mT=K", (B7)

fm*lu = fm*GFV((jg];A) ~ {

with f,,— being the decay constant (f,- ~ 93 MeV, fx- ~ 110 MeV), and Vé?gl\_/[) the CKM matrix element corre-
sponding to two quarks representing the meson (Vs for K~ and V4 for 77);

2

%~ 0.135 GeV? (B8)
0., = —— ~ U. (§
GpOry /3
The matrix elements for the processes m" — v + N + v, where m® = 7% /5, are
ImOvyy prof

Mzt jpsytN+y = d-2- =5 € Flu(py) %

1 _
X [P(Nv),aP(N),p980 + P(N0),BP(Nv),09ap — P(Nw),aP(Nv),098p — P(Nv),BP(Nv)pdac| X GL(py)oeeu(py)  (BI)

(Vo)

Here, p(nvy,a = (PN +Pv)as and Fuy (py) = Dy u€0(Dy) —Dy,v€u(py), With € being the polarization vector of the photon.
The matrix element for the process m~ — [TyN is

— o 1 + PY v
Mm*%lvN = fm*ll/ =d- F[LV (p"/)pm*,o’u(pl)’y (1 - 75)D(V) (p'y + pN) > ot ’U(pN) (BIO)
Finally, the matrix element of the decay p° — N + v is
YavyPp,B — GaBPp,y -
Mp0—>N+1/ = 9p°~€a (pp) - & 5 el ’YUL(pu)U'B’Y/U(pN) (Bll)

Py
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Figure 10: Branching ratios of the HNL production by decays of mesons via the dipole portal (the processes (B1), (B2)).

The decay widths are computed as [25]

M4|2 |PY|
I'x,yz = — B12
— 3 3 ( )

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

|M|?
I'xosyzu = /dedeZUia (B13)
256m3m3,
where ma, = (pa + pp)?. In the limit of my; < Mumeson, the decay widths are
apvd®m’, A f2 Gamd ViR d?g . mb o
Pooonvy® ————, Tp-—oyni- = & T v DosNgy & ———————— (B14)
367 19273 9673

The resulting branching ratios under the assumption |d| = 1 GeV™! 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 + v +{~. Tt is larger
than the ratio for the decay 7= — N+~ +1~ due to the scaling I';,,~ _, nyyyi- X mf’n,. Indeed, the SM decay widths
of the charged mesons scale instead according to I',,~ g\ o miT _. Therefore, we have Br,,~  niyqi- X mfn,.

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 + 1T — N + X, where T is a target particle, and X denotes an arbitrary final
state. In this study, we consider the following processes:

T=eX=¢e T=n/pX=n/p; T=Ar,X=Ar; T =n/p, X =hadrons. (B15)

The first three sets correspond to quasi-elastic (QE) scattering off electrons, nucleons, and Ar nuclei. The last set
corresponds to deep inelastic neutrino up-scattering (DIS).

The QE differential cross sections dag’prod(Ey, Q?)/dQ?, 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,

do’lz;,prod (El/7 QZ)

dQ? ’

<0—17\;,prod> = /dEVdQ2 fu(EV) (B].G)
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Figure 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 = de,dy, d-, where do =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.

where f,(F,) is the neutrino distribution function:

o,(E,)

fu(El/) = deV (I)U(El/)

(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?/A. However, the nuclear EM form factor
exponentially suppresses large momentum transfers (and hence the production of heavy HNLs), and at masses around
mpy =~ 1 GeV, the scattering off nucleons starts to dominate. At mass my ~ 8 GeV (12 GeV) for the production
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

vy +p— N+ jet, (B18)

with further interfacing to pythia8 for subsequent showering/hadronization. As a cross-check of the model imple-
mentation, 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.
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Figure 12: Top panel: cumulative distribution function in the angle, CDF(0) = Fo 1 ] [ do dUngmd, between a neutrino and
pro 0

an 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 A & \/Stransverse/(2 X 304 m) ~ 0.005 rad covered by 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 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 DUNE ND, and
neutrino up-scatterings outside DUNE ND (Eq. (B22)), as a function of the HNL mass and for various choices of d.

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 GeV? to the nucleons (bottom left panel). However, the neutrino
high-energy tail is strongly suppressed, and after averaging over neutrino energies, this suppression compensates for
the improvement, see Fig. 11 (bottom right).

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 F,, < 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 broadening of the HNL flux means
that in general an HNL pointing to the ND may be produced by a neutrino that does not travel to the ND, and vice
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versa — a neutrino that travels to the ND may produce an 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 ND, as well as the
distribution function f("P%°) (I, 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 # ~ 10~ — 10~* rad. To calculate such flux, we have
computed the distribution of muon neutrinos in angles and energies semi-analytically, using the approach of Ref. [58]
from Appendix B. We have verified the obtained distribution by comparing the fluxes of neutrinos at ND and FD
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 ND.

d. Comparison of different production channels

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

a. QOutside and inside up-scattering. Let us first compare the number of HNLs produced by up-scattering inside
and outside the ND. The comparison is non-trivial, since not all the HNLs produced outside may be able to reach the
detector volume: it depends on their decay length In decay = cTnDPN /My, Where Ty = Tdecay,n is the HNL lifetime
(see Sec. IIT A). Therefore, instead of the total number of the produced HNLs we consider the (effective) number of
produced HNLs:

Né?c}))j,ce)ff = NV7t0t X Z Gggm X <0-1(\17:I))r0d> X Npucl X Lscatt7eff (Blg)

T=nucleus,n/p

Here, N, 1ot is the total number of neutrinos produced at DUNE. €geom 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. (0N prod) is the

mean scattering cross section (per nucleon) of these neutrinos; nuyq is the nucleon number density; Lecats e 1S the

length available for scatterings, accounting that HNLs have to survive long enough and decay inside the detector.
For the outside events, we assume the crust number density nyuq ~ 1.4 - 1030 m=3 [25], and

Lscatt,eff = min[Lcrusta ldecay,N (mN7 d)], (BZO)

where Lcust = 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 =~ lgecayn 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 npyue ~ 8.4 - 1022 m~2 (see Table I) and Lgcatt.eff = Ldet/2 = 2 m (the origin of the
factor of 1/2 is explained around Eq. (B27)).

The difference in <U§)pmd> at the ND/FD and at crust is O(1), 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

(outside)

(outside) (outside) tsid outside 95() Sgeom ND
Nprod,eff €geom nona Lscatt,eff 50 ((inside) ( ),
(inside) = (inside) X pinside [ inside = ¢ 46é22$ide) (B21)
Nprod,eﬁ‘ €geom nucl scatt,eff 1.8-10 ~ Gnside) (FD)
geom

The behavior of the ratio (B21) for the case of 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 pre-computed off-axis neutrino flux in the GLoBES format and the analytic formula in [15], whereas in this work
we re-simulate the neutrino flux and the HNL production event-by-event. It is worth mentioning that the GLoBES
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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 an HNL flux being a factor of (Ldet/Lscatteff) X (nSSt /nnud) ~ 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 Lget.

b.  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 of O(1300 km). Since the HNL decay length cryyny 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

{Z Niy tot, X Br(m — N) x eé@m X €xXP[—Lmin,eff/ldecay,N] ~(mesons),
Nprod eff =

. (B22)
Ny, % ZT <O'N prod> X NMpucl X Lscatt,eff (up—scattermg).

Here, N tot is the total number of mesons m produced at DUNE, €geom is the fraction of produced HNLs that travel
to the detector and exp[—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 = d. ,, HNLs are produced by long-lived mesons, and we fix
Liinesr = 221 m, which is the end of the decay pipe [6]. For d = d,, where the production comes from promptly
decaying mesons, we fix Liin,eff = Lto det = 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 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) Br(m — N)
(T)

Pacattoring
scattering <UN,pr0d

<1074 —1072, (B23)

> X Nnpucl X Lcrust

in dependence on the meson which may decay into an HNL, see Figures 11, 4.

2. Number of events at DUNE

The number of HNL events for the case of non-zero coupling d,, consists of two parts:
att
Nevents = Nevents "8 + Nvesen®, (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

NP ™ & Nydetector X / dEx %‘mngﬁgl X (Piecay(EN) - L) x Br(N — channel)  (B25)
T=e,N,Ar,DIS N

Here, Ny detector = Stransverse f o, (E,)dE, is the total number 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, Wthh
in total have twice larger transverse area than one module). cl(<71(\I ;)>ro 1B, /dEN is the differential production cross

section (per nucleon) averaged over neutrino energies. nd®, is the nucleon number density (which corresponds to the

liquid agron for both ND and FD). (Paccay(En) - L) is the HNL decay probability averaged over length of the detector
L available for neutrino scatterings:

Lget —Lmin
<Pdecay(EN) : L> = / dL
0

X exXp [_(Ldet - L)/lN,decay] ) lN,decay = CTNPN/mN (B26)
N,decay

where the factor L comes from the production probability in the neutrino up-scatterings, Pprod = 0Nnucil, and

2 3
T]QI = %. The parameter Ly, is either 0 or Alpyng = 1 cm, depending on the considered signature (displaced
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or prompt decays). In the limit IN,decay > Lmin, this expression simplifies to

L?iet
B27
2ldecauy, ( )

(Paccay(EN) - L) ~
Finally, Br(N — channel) is the branching ratio of the HNL decay into the given particle state, which is vy, vee, vuu
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 axis.

For the number of events from the outside up-scatterings, we have

Lo det
NI % Nyor X (0N aroa) X Pt X el / BN / din f T (En, Iy) Paccay (En, L), (B28)
T=(e,n/p,Si) - 0

Piccay (En, In) is the decay probability for an HNL with the energy En produced at a point located at the distance
Iy from the beginning of the detector,

Pdecay (EN7 lN) = eXp[_lN/ldecay,N] - eXp[_(lN + Ldet)/ldecay,N]y (B29)

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

P‘PC

N52232:S~ZN x Br(m — N) x el x / dEy / din £ (En, In) Paceay (En, IN) (B30)

geom

Here, N tot, egcﬁ,)m have been already introduced in Eq. (B22). Lpipe ~ 221 m is the distance from the DUNE target
to the end of the decay pipe. For short-lived mesons such as m = 7°/n/p°, f™ (En,Ix) =~ f(Ex) x0(Iy —574 m).

3. The shape of the sensitivity curves

The combined sensitivities to inside up-scattering events shown in Fig. 5 behave non-trivially with the HNL mass.
Namely at small HNL masses my < 2 GeV, the lower bound djowe, decreases, reaches its minimum at some mass
TN peak, ad then starts increasing. The reason is the following. Schematically, the number of events is Nevents =
NN prod X Paecay. Since Pgecay < 1, the sensitivity cannot cover couplings smaller than defined by the condition
NN prod = 2. The number of produced HNLs is Nx proa = f(my) - d?, where f(mpy) o (0N prod) is the production
cross section. As a result, we may define the minimal coupling dy,, ,=2 = 1/2/f(mn). At HNL masses my <1 GeV,
dN,,.q=2 Temains 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 dn,,,=2, the HNL decay length IN decay = cTNYN O My 442 is
parametrically very large, In decay > Lto det- Therefore, the decay probability is Phecay = Ldet/IN,decay < 1 (remind
Eq. (B27)). Plugging this expression in the expression for the number of events, we get

chcnts X f(mN)d2 X mjlvdz = f(mN)mAILV : d4a (Bgl)

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, (ii) f(my) drops, which
leads to the increase of dy,,,,—=2. As a result, Pyecay(dn,,.q=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 &
dN,,..qa=2- The position of the minimum of the lower bound, which we denoted as mn peak, may be estimated as
Nevents(mN7 derod:2) ~ 2.
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Parameter| a b ma my ga
Value [0.942(4.61]1.026 GeV |0.843 GeV |1.26

Table III: Values of parameters entering the form factors (C4), (C8).

Appendix C: Neutrinophilic scalar portal
1. Production
a. Quasi-elastic production

Consider the production process
vptp—on+o+put (C1)

The matrix element of this process has the form

M =~ g;\(/;; COS(GC)'l_)(pu)DV(pV _pd))’YMPLv(pu)ﬂ(pn)F#U(pp) (02)

The pn effective vertex T', is [59-61]

7 » q
Ly (Ppspn) = Yu(Fva(q?) — v Fa(q?)) — 3Ol Fyva(q®) — mf”%FP(qZ), (C3)
P P

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

gA 2m
FA(QQ) = FP(q2) = 2| +pm2

, Fa(d®), C4
1+ g2l/m2)’ Al (4

) = B0 = CHE) £ G ~Glyle"), )

Fya(q?) = Gi(e®) - G%(qz)ljr(TG%(qQ) —Gh(@) (C6)

where 7 = |¢?|/(4m2), and G, p are electric and magnetic form factors. In dipole approximation, they read

aT

D[ 2\ ~o 2 n( 2y _ _ 2
Gple) = Gple"), Gple) = —pmy 7 -Gole), (C7)
n 1
Gh(¢*) = mpGp(d®), Gi(@®) = pmGp(d®), Gp(d*) = —, (C8)
(1+ 2]
my,
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 quasi-elastic
process v, +n — @+ p, while in order to verify the 2 — 3 phase space calculation we have obtained the cross section
of the process v, +v — v, + p* + p~ 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 approximated by their zero momentum limit g,, — 0:

FA ~ 1.26, FV1 ~ 1, FVQ = Fp =0. (09)
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Figure 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 ¢ 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 the sensitivity of the DUNE ND to the neutrinophilic scalar portal (17). For
comparison we also show the sensitivity obtained in [12].

b. Deep inelastic scattering production

The DIS production process is
Vpt+p = pt + X+ ¢, (C10)

where X denotes any multi-hadron 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
point-like nucleons (C9) and reproduced the quasi-elastic 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 quasi-elastic 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 = E Nu X UinnuclLdet7 (Cll)
i=quasi-el,DIS

where n,uq is the number density of nucleons, Lqe; is the DUNE ND detector length, and o; are the production
cross sections for the processes (C1) (C10), where we require pr 4 > 0.5 GeV. To obtain the sensitivity, we require
Neovents > 2.3, corresponding to 90% C.L. in background 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 mg < 1 GeV. This is caused by the
transverse momentum cut pr 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 therefore 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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