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The discovery of non-zero neutrino masses points to the likely existence of multiple SM neutral
fermions. When such states are heavy enough that they cannot be produced in oscillations, they
are referred to as Heavy Neutral Leptons (HNLs). In minimal models, the HNL production and
decay are controlled by SM interactions and the mixing between HNLs and the active neutrino and
typically result in relatively long lifetimes if the masses are in the MeV-GeV range. We have studied
the physics case and technical feasibility for a dedicated HNL search using the NuMI beam at an
ICARUS-like detector. Our analysis conclusively demonstrates that the constraints on the mixing
of the HNL as a function of its mass for an ICARUS-like detector with NuMI beam are highly
competitive with the limits obtained from present experiments.

I. INTRODUCTION

The Standard Model (SM) of particle physics, despite
it’s very accurate predictions tested in a wide variety
of experiments, is leaving several open questions unan-
swered. Among these are the absence of a dark mat-
ter candidate, the baryon asymmetry of the Universe
(BAU), the hierarchy problem, the origin of neutrino
masses and flavor mixing observed in neutrino oscilla-
tion experiments.

Many extensions to the SM have been proposed to ad-
dress these questions. One potential extension is the ad-
dition of right-handed neutrinos, which are singlets of the
SM gauge group. This extension would allow for Yukawa
couplings in the neutrino sector, in complete analogy
to the other fermions of the SM. The singlet nature of
the right-handed neutrinos introduces a new energy scale
in the Lagrangian, the Majorana mass term, with a di-
mensionful new parameter not related to the electroweak
(EW) symmetry breaking of the Higgs mechanism. If
this scale is much larger than the EW scale, the small-
ness of light neutrino masses would naturally stem from
the suppression of the Majorana mass within the type-I
Seesaw model [1-4]. Alternatively, in low-scale Seesaw re-
alizations; such as the Inverse Seesaw [5—7| or the Linear
Seesaw [8], with right-handed neutrinos below the EW
scale, the smallness of light neutrino masses is explained
through an approximate lepton number symmetry [9-11].
The main phenomenological consequence of lowering the
masses of these heavy neutral leptons (HNLs) is that they
could be kinematically accessible to experiments, and can
thus be produced and searched for. For a recent review
of the present experimental status of HNLs see Ref. [12].
Moreover, HNLs could hold the key to understanding
some other open problems of the SM and anomalies found
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in different experiments. These include, for instance,
serving as candidates for dark matter [13, 14], or be-
ing able to account for the observed BAU via leptogen-
esis [15], even in its low-scale realizations [16-18]. Also,
some anomalies recorded at short-baseline neutrino ex-
periments, such as the Liquid Scintillator Neutrino De-
tector (LSND) [19] and MiniBooNE [20], have led to the
proposal of HNLs, which could have a mass scale of the
order of eV and participate in oscillations. However, in-
troducing a single HNL to explain both the LSND and
MiniBooNE anomalies is inconsistent with measurements
of muon neutrino disappearance.

The existence of HNLs and the possibility of producing
them in masses ranging from O(MeV) to O(TeV) is theo-
retically well motivated. Many experimental searches for
HNLSs have been carried out (a complete list of references
with the most constraining results will be given in Sec-
tion II), but none have yielded evidence so far. Instead,
null results for searches have provided upper limits on
the mixing of the HNLs with the active neutrinos as a
function of their mass.

In this paper, we investigate the decays of HNLs into
all possible final states within a liquid-argon time pro-
jection chambers (LArTPCs) [21] detector, such as the
ICARUS detector at the Short-Baseline Neutrino (SBN)
program [22] for the following reasons.

First: The proposed physics program of the SBN offers
exciting opportunities, including the capability to ad-
dress certain experimental anomalies in neutrino physics,
in particular with the ICARUS-T600 detector, serving as
the far detector of the SBN program. The ICARUS de-
tector [23] is located off-axis to the high energy NuMI
beam, and about 800 m away from the target. Although
the primary focus of the ICARUS detector’s physics pro-
gram is to conduct the most sensitive search to date for
sterile neutrinos at the eV mass-scale, the unique posi-
tion of the ICARUS detector presents an excellent op-
portunity to explore other physics scenarios beyond the
Standard Model, such as HNLs. To the best of our knowl-
edge, this paper is the first dedicated study to sensitivity
for HNL searches at an ICARUS-like detector using the
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NuMI beam.

Second: The ICARUS detector is currently already col-
lecting data at FNAL using both the BNB and the NuMI
beams. We have extensively studied all the possible de-
cay channels of the HNLs and show the most promis-
ing channels covering a wide mass range (10,2000) MeV
of the HNL masses, which can be analyzed using the
presently collected ICARUS data.

Third: The ICARUS detector is the largest LArTPC de-
tector operational in a neutrino beam to date. Using this
pioneering technique of LArTPC with its full 3D imag-
ing, excellent particle identification (PID) capability, and
precise calorimetric energy reconstruction, the detector
capabilities are well tailored to identify all promising de-
cay channels. Therefore, it is very timely to initiate a
search for HNLs using the available data at ICARUS.

This paper is organized as follows. In Section II, the
phenomenology of the HNL and the weak interactions
that the HNL will inherit from the left-handed neutrinos
via mixing are introduced, reviewing the present status
of laboratory searches. In Section III, the experimen-
tal setup is introduced, explaining the relation between
the coordinates of the ICARUS detector and those of
the NuMI target. In Section [V, we address the steps
followed to simulate the signal and background events.
The results are presented and discussed in Section V. Fi-
nally, in Section VI, we summarize the results and draw
our conclusions.

II. BENCHMARK HNL MODEL

Since neutrinos are the only neutral fermions of the
SM, they are the only particles that could have either
Dirac or Majorana masses. However; contrary to the
rest of fermions that get their masses via Yuakawa inter-
actions when the Higgs develops a vacuum expectation
value v, a Dirac mass term of the form —mprpvg is
not allowed for the neutrinos since the vp is not part
of the SM particle content. On the other hand, a Ma-
jorana mass term for the left-handed neutrinos of the
form —mv$vr, with v§ = iv%9?vL", is not allowed in the
SM Lagrangian by gauge invariance. Thus, neutrinos re-
main strictly massless in the SM, and we must go beyond
the SM (BSM) to explain the overwhelming evidence for
neutrinos masses and mixings observed in neutrino os-
cillation experiments. The simplest of such extensions
is to add heavy right-handed neutrinos, also known as
HNLs, to the SM particle content within the type-I See-
saw model. In this work we will focus on the phenomenol-
ogy consequences of extending the SM by one HNL. No-
tice that, even though at least two HNLs are required
to explain the two mass splittings observed in neutrino
oscillations, in this work we consider scenarios where the
additional HNLs are too heavy to have an impact in low-
energy observables.

The flavor states will thus correspond to a combination

of the light states and the additional heavy state

3
Vo = Z UaiVi + UaNN7 (1)

i=1

where a = e, u, 7 is the flavor index of the active neutri-
nos, i is the mass index of the massive neutrinos, and N
is the HNL. The element of the neutrino mixing matrix
U,n parametrizes the mixing between the HNL and the
active neutrino v,. The leptonic part of the Electroweak
(EW) Lagrangian involving HNL interactions reads
mz
EUQNN’)/#PLV&ZM
(2)

with £, the charged leptons, P;, the left projector, and
where my and myz, are the W and Z gauge boson
masses, respectively. Eq. (2) shows that the HNL will
participate in charged current (CC) and neutral current
(NC) interactions in which the active neutrinos appear,
with an additional suppression from the mixing U,y
These elements are typically small, giving rise to weaker-
than-weak interactions, suppressed production, and long
lifetimes due to its suppressed decay width. Neverthe-
less, laboratory experiments can be sensitive to a HNL
in a wide mass range. When the mass of the HNL is very
light (Mx < 10 €V), it participates in neutrino oscilla-
tions modifying the standard 3wv-oscillation picture (see
for instance the results [19, 24-31]). For heavier HNLs,
the oscillation is too fast to be resolved at the detec-
tor, and the bound on the mixing becomes independent
of its mass (averaged-out regime). For long baseline neu-
trino oscillation experiments, this regime typically occurs
for new squared-mass differences between the HNL and
the light neutrinos of Am? > O(100) eV. Even though
this bound always applies for heavier HNLs, we enter the
regime where other observables set stronger constraints.
For HNL masses up to MeV-scale, it would induce a kink
in the Kurie plot at the end point electron energy spec-
trum of nuclear S-decay (see for instance the review in
Ref. [32] and references therein). For HNL masses up to
the GeV-scale, they could be produced in meson decays.
In particular, they would modify the energy spectrum
of two-body decays of pseudoscalar mesons, producing
additional peaks in the spectrum (see for instance the
following experimental results [33-38]). Also, when the
HNL originates from the decay of mesons produced in
a beam-dump experiment, since the HNL is quite en-
ergetic, its boosted decay length could range from few
meters up to 1 km, opening the possibility to decay in-
flight in the near detector (ND) of a neutrino experiment
(see for instance [39, 40]). Notice however, that the num-
ber of decay events in-flight searches goes with |Uyn|?,
since the HNL has to be produced and decay back into
SM particles. Colliders look for up to TeV-scale HNLs
produced via W or Z interactions, and decaying back to
SM producing signatures with displaced vertices (see for
instance [41, 42]) or, if Majorana HNL, same sign lepton
pairs (see for instance [42, 43]). Finally, when My > EW
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scale, they would produce deviations on EW and flavor
precision observables through the non-Unitarity of the
PMNS mixing matrix [11, 44-47].

Experimental collaborations typically assume so far sin-
gle flavor dominance when providing limits on a partic-
ular mixing matrix element |U,y|?. That is, the mixing
with the flavor « is assumed to dominate over the other
two flavors. Even though, these simplified flavor struc-
ture benchmarks are in tension with present neutrino os-
cillation data in minimal neutrino mass models [48], we
have chosen to show our results following this simplified
scenario for easier comparison with the present exper-
imental results. Thus, the benchmark HNL model as-
sumed in this paper has four free parameters, the three
mixing matrix elements |Uqn|?, and the mass of the HNL
My . Also in this work the HNL is assumed to be Dirac
unless otherwise specified. Since in the case of Majorana
HNL, the decay width gets an additional factor 2, the
results obtained in this work can be extrapolated to the
Majorana case simply by re-scaling the expected sensi-
tivity of Dirac HNL by a factor 1/v/2.

In the following, we provide a list of the present experi-
ments setting the most stringent constrains on |U,n|? as
a function of My in the range ~ O(MeV,TeV):

e |Un|? : 7 and K universality tests (Bryman-
Shrock) [49], ATLAS (2019) [50], ATLAS
(2022) [41], BEBC (Barouki et al) [51], Belle [52],
Borexino [53], CHARM [54], CMS (2018) [55],
CMS (2022) [56], CMS (2024-1) [57], CMS (2024-
1) [58, DELPHI [59], L3 (2001) [60], LSND
(Ema et al) [61], NA62 [38], PIENU (2017) [36],
PMNS Unitarity (Blennow et al) [62], super-
allowed 8 decays (Bryman-Shrock) [49], T2K [63],
TRIUMF [34].

e |U,n|* 1BooNE [64], ATLAS (2019) [50], ATLAS
(2022) [41], BEBC [39], BNL-E949 [35], CHARM-
11 [65], CMS (2018) [55], CMS (2018-dilepton) [66],
CMS (2022) [56], CMS (2024-1) [57], CMS (2024-
1) [58], CMS (8 TeV) [67], DELPHI (short) [59),
KEK [49], LSND (Ema et al) [61], NA3 [6§],
NA62 [69], NuTeV [40], PIENU [37], PMNS Uni-
tarity (Blennow et al) [62], PSI [33], T2K [63], T2K
(Argiielles et al) [70].

e |U.n|?: ArgoNeuT [71], Atmospheric v (Dentler
et al) [72], BEBC (Barouki et al) [51], BaBar
[73], Belle [74], Borexino (Plestid) [75], CHARM
(Boiarska et al) [76], CHARM (Orloff et al) [77],
DELPHI [59] PMNS Unitarity (Blennow et al) [62].

III. EXPERIMENTAL SETUP

The liquid-argon time projection chamber (LArTPC)
technology has become widely used in modern accelera-
tor neutrino experiments due to its excellent calorimetric
reconstruction and spatial resolution. The current and

near-future Fermilab neutrino program uses LArTPCs
for neutrino oscillation measurements at both short and
long neutrino baselines. These detectors are also being
deployed in exotic signature searches, allowing for the ex-
ploration of previously untested parameter space of BSM
scenarios.

The ICARUS detector is the third detector; together
with p-BooNE and SBND detectors, exposed to the
Booster Neutrino Beam (BNB) v-beam of the Short-
Baseline Neutrino program at Fermilab. The SBN was
proposed to investigate the possible existence of sterile
neutrinos in the mass region of around 1 eV, and to clar-
ify the LSND and MiniBooNE anomalies. ICARUS is
the biggest detector of SBN, a rectangular box with in-
ternal dimensions of (z,y,2) = (3.6,3.9,19.6) m, filled
with 760 tons of liquid argon. The size and fiducial mass
of ICARUS makes it interesting for long-lived particles
(LLPs) searches [78, 79].

In this paper, we study the capabilities of an ICARUS-
like detector to look for HNLs produced in the neutri-
nos at the Main Injector (NuMI) beam [80]. Contrary
to BNB; with a proton energy of 8 GeV, NuMI pro-
duces a high energetic v-beam from the collision of the
120 GeV protons with a graphite target. The produced
hadrons are focused by two magnetic horns before enter-
ing a 675 m long decay volume. The horn system selects
the charge of the mesons produced in the target, allow-
ing to select the mode of the beam: neutrino or antineu-
trino. At the end of the decay pipe there is 5 m thick
absorber to attenuate the residual hadrons. In order to
point to the far detector (FD) of MINOS at the Soudan
Underground Labortory in Minnesota, the NuMI beam
is inclined downward by 58 mrad.

In this work, the origin of the ICARUS detector coordi-
nates system are fixed at the center of the detector, with
(x1,y1,21) = (west, up, north: along BNB axis). Instead,
the NuMI coordinates, (zn,yn,2n), are centered at the
NuMI target, with zy along the NuMI beam axis (north-
west, downward 58 mrad). The two sets of coordinates
are related by the following transformation !

xs 0.92 0.02 0.39 TN
yr = 0 1 —0.06 YN
z1 —0.38 0.05 0.92 ZN
315.12
—| 3364 |[m]. (3)
733.63

The sketch of the experimental setup considered in this
study is shown in Figure 1. The upper (lower) panel rep-
resents the top (side) view of the Fermilab area where
the BNB and NuMI beam lines are placed, as seen from
the xz7z; (yrzr) projection of the ICARUS set of coordi-
nates. All the elements and distances in Figure 1 have

! Internal discussion with NuMI beam group.



been drawn to scale.

The SBN proposal states [22] that ICARUS will re-
ceive 6.6 - 102 protons on target (PoT) per year from
NuMI neutrino beam. In this paper, we present a search
for HNL using the NuMI beam data corresponding to
1.32 - 102! PoT with the ICARUS detector. This means
that our result would correspond to 2 years of ICARUS
data collection.

IV. SIMULATIONS

Signal and background processes have been simulated,
as discussed in this section, and a simple event selec-
tion has been used to evaluate the signal efficiency and
background rejection in the ICARUS-like detector for the
HNL decay channels. This requires the simulation of the
fluxes of HNL arriving into the ICARUS-like detector,
and the distributions of their corresponding decay prod-
ucts, as well as the simulation of the main potential back-
ground that could mimic the HNL signals in the detector.

A. Signal events

The first step in simulating the signal events is to sim-
ulate the fluxes of particles produced at the NuMI target
after the collision, and which will decay into neutrinos.
For pions and kaons, we utilize the publicly available
GEANT4-based [81-83] package prepared by the NuMI
beam department; G4ANuMI [84], which simulates the in-
teraction of 120 GeV protons on the graphite target, the
production of mesons, and the re-interaction and focus-
ing of those mesons in the magnetic horns. This pool
of events contains the coordinates where the mesons de-
cay into neutrinos, and their corresponding momenta.
On the contrary, the heavier parents, D and Dg; and
the 7 leptons produced from their decay, are not in-
cluded in G4NuMI. Thus, we have adopted the simula-
tions of heavy parents at LBNF performed for Ref. [85].
In this reference, the fluxes of heavy parents were ob-
tained by simulating the inelastic interactions of the pro-
tons in the target with GEANT4, and then passing them
to PYTHIA8.2 [86] to compute the production rate of
the parents. This simulations also include the additional
heavy mesons produced from the collision of the remain-
ing protons passing through the target and arriving into
the absorber, located at the end of the decay pipe. In this
analysis, we have adapted and normalized the simulations
to the correct luminosity, target size, and geometry of the
decay pipe and absorber of NuMI. Table I collects the av-
eraged production yield per PoT of the different parents
during the neutrino mode of NuMI.

The second step is to utilize the FeynRules [87] model
file within HNLux, a tool developed for Ref. [85] to simu-
late the HNL fluxes. HNLux was used to generate MAD-
GRAPH5 [88] events for N production and N decay. For

T | K D Dy T

P*/PoT|[6.0[1.1|1.2-107°(3.3-107%|2.1-107"

P~ /PoT|[4.1]0.4]1.9-107%|4.6 - 107%|3.0- 107"

Table I. Averaged parent production yield at the NuMI target
per PoT during its neutrino mode.

each mixing matrix element |U,y|?, we generated a grid
of more than 200 mass points within the mass window
My € (10,2000) MeV; and for each mass, 105 MAD-
GRAPHS events were simulated. The HNL production
channels included in our simulations are listed in Ta-
ble I1. These correspond to the leptonic and semileptonic
decays of the parent mesons, and the tau leptons with
higher branching ratio to neutrinos. The decay chan-
nel 7= — 7~ 79N is simulated via the approximation
T~ = p N, p~ — 7 7, as discussed in [85].

T K—- D— Ds— 17—
U ? eN eN eN eN —
eN
— 7%N K%N —  —
Uon uN uN  uN  uN —
"
7ouN KuN — —
— — ™ TN aN
0
Uon]? — — — — 7an°N
- = — — evN
— — — —  uvN

Table II. List of 2-body and 3-body decays of the parents into
a HNL considered in this work.

On the other hand, the HNL decay channels with
By = 1% considered in this work are summarized in Ta-
ble ITI. Notice that; even though N — vvv almost domi-
nate the entire HNL mass region studied in this work, it
has not been included in the simulations since it would
not produce visible signatures at the ICARUS detector.
The HNL decay channels N — ¢*hadr. or N — vhadr.
corresponds to N charged or neutral current decays, with
three or more mesons in the final state, respectively.
These channels become relevant for My 2 1.3 GeV.

HNLux operates as follows: for each event of parent
meson produced at the target, a random MADGRAPHS
event of N production is selected. The position and mo-
mentum of the meson are then used to compute the mo-
mentum of the HNL boosted to the lab frame, which will
define the trajectory followed by the HNL. If this tra-
jectory intersects the geometry of the ICARUS detector,
the event will be saved, creating a pool of HNL crossing
the detector. For each of these events, a random MAD-
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Figure 1. Sketch of the experimental configuration considered in this work. The top view (upper panel), and side view (lower
panel) correspond to the zrz; and yrzr projections of the ICARUS set of coordinates, respectively. Drawn to scale.

N —
U ? eev pupv epv e hadr. v hadr.
v em  ep —
o || €€V puv epv hadr. v hadr.
|UuN‘
v’ pmoopp —
Uon? eev ppy — — v hadr.
vr® — = vp®

Table ITI. List of the most relevant IV decays into SM particles.

GRAPH) event of NV decay is then selected. The momen-
tum of the HNL decay products are then computed in
the lab frame. Also a random point inside the trajectory
crossing the detector is selected, which defines the co-
ordinates where the HNL decays into the corresponding
decay products of the channel considered in the simula-
tions.

B. Background events

The primary background source in this search will be
CC and NC interactions of SM neutrinos from the NuMI
v-beam with the “°Ar nuclei within the active volume of
the ICARUS TPCs. Other potential background sources;
such as neutrino interactions with rock or cosmic muons,
are expected to be negligible in comparison, as the re-
sulting events will generally not align with the direction
of the beam. The GENIE [89] Monte Carlo neutrino event
generator and the public NuMI light neutrino flux files
have been used to simulate events of v,-*C Ar interactions.
At these energies the main processes to be considered are:

e Single charged pion production from v, resonant or
coherent scatterings with 4°Ar nuclei. The signa-

ture of this process is 77¢,, where o denotes the
flavor of the incoming active neutrino.

e Single neutral pion production from v, NC reso-
nant scatterings with “°Ar nuclei.

e Charm production in CC deep inelastic v,-*°Ar nu-
cleus scattering (DIS). The subsequent prompt de-
cay of the charm meson will produce an additional



charged lepton in the final state. Thus, the sig-
nature of this process would be ¢; ¢}, with a the
flavor of the incoming SM neutrino, and § the fla-
vor of the secondary charged lepton produced via
charm meson decay. Notice however that this pro-
cess is suppressed in comparison with the single 7+
or m° production processes.

The convolution of the active neutrino flux crossing the
fiducial volume of ICARUS, along with the CC and NC
Vo-2OAr cross sections, provides the expected number of
neutrino interactions with the liquid argon in the TPCs.
Table IV summarizes the expected number of ve-*0Ar
and v,-1°Ar CC and NC interactions per year (v, con-
tribution is negligible). Misidentified 7 and 7, coming
from the beam contamination during its neutrino mode
have been included in the simulations.

COC vo-°Ar|NC vo-1Ar

19142 2109

341257 42610

Table IV. Expected number of Vo-2°Ar CC and NC inter-
actions/year at ICARUS detector from NuMI beam, with
o =eor p.

V. RESULTS

The total expected number of HNL decays into a given
decay channel c¢ inside the ICARUS detector can be ex-
pressed as

d
N¢ = B x /dENP(EN)ﬂ, (4)
dEN
where B%, is the branching ratio of the corresponding
decay channel ¢, and P(Ey) is the probability of the
HNL to decay inside the volume of the detector given by

P(Ey) = e 5% (1 _ e*Lf?‘”’) , (5)

with I" the total decay width of the HNL in its rest frame,
L the distance traveled by the HNL between its pro-
duction and its intersection with ICARUS detector, and
Alget the length of detector crossed by the HNL trajec-
tory. The energy dependence in Eq. (5) enters through
the boost factor v38 = \/E3%/Mz% — 1.

To calculate the expected sensitivity to the |U,n|?* and
the mass of the HNL, we conduct an unbinned Gaussian
x?2 for each detection channel, defined as

o [N - N ()
o (R (5 oo

where N¢*(¢,£) is the total expected event rate includ-
ing both signal and background events, and N°(£) is

the observed events; with the uncertainty on the flux
normalization, oy, taken as 20%, and o (§) = /N°(§)
is the statistical error. We take the observed events as
an expectation in the absence of a HNL signal. Here ¢
corresponds to the model parameters (My and |U,n|?),
while £ is the nuisance parameter, which accounts for the
systematic uncertainties affecting their overall normal-
ization. Our sensitivity regions are obtained taking the
corresponding x? cut at a given confidence level (C.L.)
with 2 degrees of freedom (d.o.f.). In particular, we set
the 90% C.L. contour by taking the contour at x? = 4.61.
Finally, for the analysis where no background is consid-
ered, we follow the Feldman and Cousins prescription [90]
for a Poisson distribution with no background and under
the hypothesis of no events being observed, which corre-
sponds to

N (¢) < 2.44, for 90% C.L. (7)

A. The role of the HNL decay channel

It is crucial to highlight the significance of the vari-
ous final decay channels for the HNLs. Figure 2 shows
the ICARUS expected sensitivity contours in the My —
|Uan|? plane at 90% C.L. for 1.32 - 10?! protons on tar-
get (PoT) from the NuMI beam, assuming that the HNL
mixes with e (top), p (middle) or 7 (bottom), respec-
tively. The left (right) panel shows the sensitivity of HNL
decays to light neutrino (without light neutrino) in the
final state. For a given flavor of the mixing, and value
of Mpy; the production of the HNL is the same for left
and right panels, being the B, in Eq. (4) their only dif-
ference. Thus; for each My, the sensitivity will be domi-
nated by the HNL decay channels with higher branching
ratio. In this analysis, we have assumed exclusive mix-
ing of a heavy neutrino with one charged lepton, setting
the other two mixings to zero. Also, the contours have
been obtained following Eq. (7); that is, by counting the
number of events without any background consideration.

The panels with e and p mixing show three different
sensitivity regions

e Region I: My < my —my,; where the leading con-
tribution to the sensitivity comes from 7+ decays
due to its larger production yield (see Table I). In
this region, the only relevant detection channel for
the HNL is the N — ete~v.

o Region II: m, — my, < My < mg — my,; where
the phase space of the 7* channel is closed, and
the leading HNL production comes from K* de-
cays. Notice that, even though the production yield
of K* is smaller than that of 7%, the sensitivity
reaches its best point (lower limit) due to the fact
that HNLs of these masses are less long-lived, and
thus they decay within the distance of ICARUS.
In this region, the dominant HNL decay channels
leading the sensitivity are: N — eTe~v (just for p
mixing), N — 7%, and N — 7+ /7.



e Region III: My > my —my,; where the HNLs are
produced via D* and D meson decays. The lower
production yield of heavy mesons at the NuMI tar-
get significantly reduces the expected sensitivity in
this region. In this region, the sensitivity is first
dominated by N — 7%, and N — 7t/T decay
channels; while for My > 1 GeV, the channels
N — eFutv, N = (T0fyv, and N — pT(T join
the leading contribution to the sensitivity.

On the contrary, the panel with 7 mixing shows two
different sensitivity regions

e Region I: My < mp, — m,; where the production
of HNL comes from D* and DF decays into 7% lep-
ton, and where the sensitivity is mostly dominated
by the N — ete~v HNL decay channel.

e Region I: mp, — m, < My < m; — m,; where
the production of HNL comes from 7% decays, and
where the sensitivity is mostly dominated by the
HNL decay channel N — 7%.

B. The impact of the background

Although a full background analysis would require sim-

ulating the propagation of all particles crossing the de-
tector and of their decay products, along with a detec-
tor reconstruction; our focus in this paper is on a more
qualitative approach. The scope of this section is to es-
timate the impact of the dominant background on the
estimated sensitivity. A more sophisticated and com-
prehensive background analysis should be addressed in a
future study.
Charged pions cannot be calorimetrically separated from
muons in LArTPCs, although they can be identified in
cases where they inelastically scatter with an argon nu-
cleus before stopping or exiting the detector. In this
work, the conservative approach is taken of treating
muons and charged pions as indistinguishable particles
(p-like particle) in the ICARUS detector. Therefore, for
the background analysis, it is convenient to categorize
the events of the main HNL decay channels discussed in
Section V A in the following way:

e Channels with 2u-like particles in the final state.
The signal channels are N — pu+u~v for the three
Uan|?>s N =7t~ + N = ptp=,pt — 7t70% in
the particular case of |U,n|?, and N — pv, p —
7t7~ in the particular case of |U,y|?. The main
source of background for these channels is sin-
gle pion production from v,, and an additional
subleading contribution of Z/H—40A1“ DIS where the
charm meson produces a secondary muon.

e Channels with 1u-like particle in the final state.
The signal channels are N — pFeFv for |Uyn|?;

and N = 7fe”™ + N = pte ,pt — 7n77% in the
particular case of |Un|?. In this category, the main
source of background is single pion production from
ve-*9Ar interactions, and the suppressed contribu-
tion of v,-4%Ar DIS where the charm meson decays
into £, with a,8 = e,; and a # S.

e Channels with Ou-like particles in the final state.
The signal channels are N — e*fefr and N —
70 for |Uan|?. With the main background sources
coming from single neutral pion production and v,-
40Ar DIS where the charm meson decay produces
an additional electron.

We performed a sensitivity estimate that includes all
potential background scenarios for the case of 2u-like fi-
nal state particles. This highly promising category has
been chosen for our analysis because it includes clean
decay channels that can be easily identified and recon-
structed within the LArTPC detector. From the total
number of VH—4OAI“ interactions per year listed in Ta-
ble TV, 0.12% correspond to events with only 2u-like
tracks with energies above threshold in the final state.
In this work, a conservative proton detection threshold
of 50 MeV for the ICARUS detector has been considered.
Notice that the spectra of the signal and background
events are slightly different, due to the fact that the de-
cay products of the HNL are boosted in the direction of
the beam. This allows us to maximize the signal over
the background by applying a series of kinematical cuts
in the energy of the 2u-like tracks (Epair), in the trans-
verse momentum of the pair (pr,,;,), and in the angle of
2p-like tracks (6pair). We found that the expected back-
ground could be dramatically reduced by approximately
90% (~ 60%) for lower to intermediate (higher) My val-
ues, while keeping in every case more than ~ 85% of the
signal. Table V summarizes the percentage of signal ef-
ficiencies and background rejection efficiencies obtained
after applying the corresponding event cuts for each of
the flavors |U,n|?, and for two different mass regions of
My.

The ICARUS expected sensitivity for 2u-like final state
channel is shown in Figure 3. The analysis shows the
sensitivity for different mixing matrix elements: |U, N|2
(left), |Uun|* (middle), and |U,n|* (right) at 90% C.L.
and an exposure of 1.32-10?! PoT from the NuMI beam.
The sensitivity assuming signal only, and obtained by
following Eq. (7) is presented by a solid violet line. The
dashed violet line corresponds to the signal + background
analysis following Eq. (7) after applying the event cuts
for each HNL mass region summarized in Table V. Also,
we show that after applying a signal efficiency varying in
the range (15,30)% to the negligible background case, we
obtain the pink-band that covers the signal + background
result.

In the case of channels with 1u-like final particles, the
main background is coming from v.-*°Ar interactions;
and according to Table 'V, v, interactions from the NuMI
beam are one order of magnitude smaller than v, ones.



1072 LI T T T T T T
107!
Q
:? 107
1078L —ete v — 4
T E— s . —hadr.e™ ]
o 7T % — hadr.v
10* | | | 1 1 1 1 1 N [
0.01 0.05 0.1 0.5 1 0.01 0.05 0.1 0.5 1 0.01 0.05 0.1 05 1
MN (GGV) MN (GGV) MN (GGV)
10_2 T T T T T T
10
@
Z 1076
3
=
10_8: —etev - L EF ]
P ety ST 1 —hadr.u™ ]
o —ptpy J— Ly T —hadrw
10~ L L . . L . . . .
0.01 0.05 0.1 0.5 1 0.01 0.05 0.1 0.5 1 0.01 0.05 0.1 05 1
MN (GeV) MN (GGV) MN (GeV)
1072 e T -
107! 1 ]
o 1 ]
Z 106 L ]
= = E:
=
1078L + + 4
—ctew i f—yY ]
0 —utuy — — hadr.v
10_ 1 1 1 1 1 1 1 1 1 1 1 1
0.01 0.05 0.1 0.5 1 0.01 0.05 0.1 0.5 1 0.01 0.05 0.1 05 1
MN (GGV) MN (GGV) MN (GGV)

Figure 2. ICARUS-like sensitivity at 90% C.L. level for different mixing matrix elements as a function of My, based on
1.32 - 10%! PoT from the NuMI beam. In each row, we assume that the HNL only couples to one of the charged leptons as
indicated, while the other two mixings are set to zero. Left panels correspond to HNL decays with charged leptons and missing
energy, while middle (right) panels correspond to HNL decays with pseudoscalar (vector) mesons in the final state.

This implies that the background will be one order of
magnitude suppressed with respect to the 2u-like final
particles case. On the contrary, the expected reconstruc-
tion efficiency of high-energy electron showers is worse
than that of muons tracks in LArTPCs. Thus, we expect
the signal to have a sensitivity between (15,30)% with
negligible background. However, it’s important to note

that in real experimental data, there will be signal effi-
ciencies due to experimental smearing and other factors,
independent of the background. Finally, in the case of
channels with Op-like final particles, the 7% produced ei-
ther via HNL decay (signal), or via v,-**Ar NC single °
production, will decay into 2y that after propagation in
the detector will eventually convert into two ete™ pairs.



My = 406 MeV

My = 1020 MeV

Epair < 2.9 GeV

DT pair < 0.3 GeV

Epair < 202 GeV

DT pair < 3.2 GeV

|Uen?
Opair < 0.8 rad Opair < 0.3 rad
Signal eff. — 86.9% Signal eff. — 84.3%
Bkg. rej. eff. — 89.7% |Bkg. rej. eff. — 66.9%
My = 369 MeV My = 1020 MeV
Epair < 2.9 GeV Epair < 30.1 GeV
U P DT pair < 0.3 GeV DT pair < 3.2 GeV
Opair < 1.4 rad Opair < 0.4 rad
Signal eff. — 87.2% | Signal eff. — 86.7%
Bkg. rej. eff. — 86.4% |Bkg. rej. eff. — 59.6%
My = 401 MeV My = 1421 MeV
Bonir < 241 GeV | Bpair < 22.9 GeV
Uon DT pair < 2.3 GeV DT pair < 2.2 GeV

Opair < 0.2 rad

Opair < 0.3 rad

Signal eff. — 91.9%

Bkg. rej. eff. — 75.5%

Signal eff. — 86.3%

Bkg. rej. eff. — 66.9%

Table V. Summary of the kinematical cuts that have been
applied to the signal and background events with 2u-like par-
ticles in the final state. For the three flavors of the mixing, two
different HNL mass regions have been selected to maximize
the sensitivity. In each case, the achieved signal efficiency and
background rejection efficiency are shown as a percentage.

Depending on the energy of the photons, and on the dis-
tance the vs propagated inside the detector, the 7° will
produce signatures involving different electron showers.
Hence, a detailed simulation of the propagation and -~y
decay followed by a proper detector reconstruction would
be needed for a full computation of the expected sensitiv-
ity of these channels. Present analyses in the literature
(see for instance [64, 91]) show that our conservative re-
sult of signal efficiency varying between (15,30)% could
be extrapolated to channels with Op-like final particles.

C. The potential of ICARUS over present
constraints

Figure 4 summarizes the ICARUS expected sensitiv-
ities at 90% C.L. to the heavy neutrino mixing |U,n|?

as a function of its mass, for 1.32 - 102! PoT from the
NuMI beam. The results combine all the possible HNL
decay channels leading to visible final states in the detec-
tor, as discussed in Section V A, and shown in Figure 2.
The combined sensitivity Figure 4 is presented with sig-
nal only (solid dark green), and signal with an efficiency
lying between (15,30)% (pink band) following the Feld-
man and Cousins prescription of Eq. (7). The shaded
gray areas represent the regions of the parameter space
that have been already excluded by present experiments,
discussed in Section II. The GITHUB package and repos-
itory HNLimits [92] has been used to adjust the present
constraints to the same 90% C.L., and the same nature
assumed for the neutrinos.

The ICARUS detector has the potential to extend the
search for HNLs in parameter space not yet explored by
present experiments. In Table VI, the possible HNL mass
windows and the expected lowest reachable mixing value
of the sensitivity of the corresponding mixing matrix el-
ement are summarized as potential upper bounds set by
the experiment.

My /MeV €| [Uan|? 2
(122,144) | 2.3-1078

o =e€
(280,1630) |3.3-1071°
a=p|| (620,1862) [4.0-1071°
a=7| (20,1450) |6.7-107"

Table VI. HNL mass regions where ICARUS-like detector is
expected to test parts of the parameter space unexplored by
present experiments. For each mass region, the lowest point
of the sensitivity is indicated as the upper bound of the cor-
responding mixing matrix element |Uyn|?.

VI. SUMMARY

One of the simplest ways to accommodate the observed
pattern of neutrino masses and mixings is the addition of
heavy right-handed neutrinos, or HNLs, to the SM parti-
cle content. The mass of the HNLs is a dimensionful free
parameter of the model, and experimental verification is
needed for its determination. When the mass of the HNL
ranges the MeV-GeV scale, and for favorable mixing sce-
narios, present and near-future beam-dump experiments
set a perfect environment for their discovery. In this pa-
per, we present a search for HNL using the NuMI beam
data corresponding to 1.32 - 102! PoT with the ICARUS
detector. In our analysis, we interpret the results using
three different sets of figures. We first compare the sen-
sitivity of different HNL decay channels across a wide
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Figure 3. ICARUS-like expected sensitivity for different mixing matrix elements: |Uen|? (left panel), |U,n|? (middle panel),
and |U,n|? (right panel) at 90% C.L., a total collected 1.32 - 102" PoT from the NuMI beam, and considering only HNL decays
channels with 2u-like final state particles. The sensitivity is presented with signal only (solid-violet), signal + background
(dashed-violet), and signal with an efficiency lying in the (15,30)% range (pink-band).
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Figure 4. Expected sensitivity at 90% C.L. of the ICARUS-like detector exposed to 1.32 - 10! PoT from the NuMI beam,
combining all possible decay channels for the HNL leading to visible final states in the detector. Results are shown for a
HNL coupled to e (left panel), u (middle panel), and 7 (right panel). Each panel represents the expected sensitivity on the
HNL mixing as a function of its mass, with signal only (solid-green), and signal with an efficiency lying between (15,30)%
(pink-band). The shaded gray areas are disfavored at 90% C.L. by present experiments searching for Dirac HNLs have been

obtained with HNLimits [92].

mass range (see Figure 2). Next, we demonstrate the im-
pact of the dominant background on one of the clean and
more straightforward signal channels at ICARUS, when
the HNL decays into a pair of muon-like particles (see
Figure 3). The efficiency obtained from the background
simulation of this signal channel is comparable to uncov-
ering the signal efficiency range for other promising chan-
nels, such as N — e"etrv and N — 7%, as extensively
studied in the literature [64, 91]. Hence, we have used the
signal efficiency region between (15,30)% for generating
sensitivity for all other promising signal channels.

This information will be valuable for future analyses and
will also provide us with an estimate of the signal effi-

ciency for the analysis assuming negligible background.
Finally, we present the sensitivity results with signal only,
and with varying signal efficiency, to emulate a negligible-
background analysis (see Figure 4), where we also com-
pare the results with the leading constraints from present
experimental data. We show that ICARUS could im-
prove over present data in certain HNL mass regions, de-
pending on the flavor of the mixing that is assumed (see
TableVI). In case the HNL mixes only with electrons,
there are two unexplored mass windows that ICARUS
could test: My € (122,144) MeV with a peak sensitiv-
ity of |Uen|? 2 2.3-1078, and My € (280,1630) MeV
with an upper bound of |U.y|? 2 3.3-1071°. On the



contrary, ICARUS could test an HNL that onl mixes
with muons if My € (620,1862) MeV, setting a upper
bound on its mixing |U,n|* 2 4.0 - 1071%. In the case
of the mixing with the 7, where the present bounds are
lest stringent, ICARUS could improve the bound in the
full accessible HNL mass range My € (20,1450) MeV to
\U.n|?26.7-1077.

The SBN proposal states that ICARUS will receive
6.6 - 10%° PoT per year, thus our result corresponds to 2
years of ICARUS data collection. However, a recent pre-
sentation by the ICARUS collaboration at the Neutrino
2024 conference showed that the ICARUS experiment has
gathered 5.44 - 102° PoT during the first two years (in-
cluding neutrino and anti-neutrino mode). Therefore, the
experiment is expected to achieve the desired sensitivity
in the next two and a half years with a similar data rate
collection as in previous years. The results of this HNL
sensitivity study may open the door for future searches
at ICARUS, covering all potential HNL decay channels,
as well as a wider range of BSM measurements that are
part of the SBN program.

11
ACKNOWLEDGMENTS

We warmly thank Sharoz Schezwen for collaborating
during early stages of this work, and Zarko Pavlovic
for fruitful discussion regarding the simulations of the
heavy meson. We also acknowledge the SOM clus-
ter at the IFIC, where all the simulations regarding
this work have been performed. AC acknowledges
CERN Neutrino Platform and the Ramanujan Fellow-
ship (RJF/2021/000157), of the Science and Engineer-
ing Research Board of the Department of Science and
Technology, Government of India. The research of JHG
is supported by the EU H2020 research and innovation
programme under the MSC grant agreement No 860881-
HIDDeN, as well as by the Spanish Ministerio de Ciencia
e Innovacién project PID2020-113644GB-100, the Span-
ish Research Agency (Agencia Estatal de Investigacion)
through the project CNS2022-136013, and Severo Ochoa
Excellence Program CEX2023-001292-S. JHG thanks the
CERN EP Neutrino group for hospitality. ADR acknowl-
edges CERN Neutrino platform. It is to be noted that
this work has been done solely by the authors and is not
representative of the ICARUS collaboration.

[1] P. Minkowski, Phys. Lett. B 67, 421 (1977).

[2] R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett.
44, 912 (1980).

[3] T. Yanagida, Conf. Proc. C 7902131, 95 (1979).

[4] M. Gell-Mann, P. Ramond, and R. Slansky, Conf. Proc.
C 790927, 315 (1979), arXiv:1306.4669 [hep-th].

[5] R. N. Mohapatra, Phys. Rev. Lett. 56, 561 (1986).

[6] R. N. Mohapatra and J. W. F. Valle, Phys. Rev. D 34,
1642 (1986).

[7] J. Bernabeu, A. Santamaria, J. Vidal, A. Mendez, and
J. W. F. Valle, Phys. Lett. B 187, 303 (1987).

[8] M. Malinsky, J. C. Romao, and J. W. F. Valle, Phys.
Rev. Lett. 95, 161801 (2005), arXiv:hep-ph/0506296.

[9] G. C. Branco, W. Grimus, and L. Lavoura, Nucl. Phys.
B 312, 492 (1989).

[10] J. Kersten and A. Y. Smirnov, Phys. Rev. D 76, 073005
(2007), arXiv:0705.3221 |[hep-ph].

[11] A. Abada, C. Biggio, F. Bonnet, M. B. Gavela, and
T. Hambye, JHEP 12, 061 (2007), arXiv:0707.4058 [hep-
ph].

[12] A. M. Abdullahi et al., J. Phys. G 50, 020501 (2023),
arXiv:2203.08039 [hep-ph].

[13] K. N. Abazajian et al., (2012), arXiv:1204.5379 [hep-ph].

[14] J. W. den Herder et al., (2009), arXiv:0906.1788 [astro-
ph.CO].

[15] M. Fukugita and T. Yanagida, Phys. Lett. B 174, 45
(1986).

[16] E. K. Akhmedov, V. A. Rubakov, and A. Y. Smirnov,
Phys. Rev. Lett. 81, 1359 (1998), arXiv:hep-ph/9803255.

[17] T. Asaka and M. Shaposhnikov, Phys. Lett. B 620, 17
(2005), arXiv:hep-ph/0505013.

[18] M. Shaposhnikov, JHEP 08, 008 (2008), arXiv:0804.4542
[hep-ph].

[19] A. Aguilar-Arevalo et al. (LSND), Phys. Rev. D 64,
112007 (2001), arXiv:hep-ex,/0104049.

[20] A. A. Aguilar-Arevalo et al. (MiniBooNE), Phys. Rev.
Lett. 102, 101802 (2009), arXiv:0812.2243 [hep-ex].

[21] C. Rubbia, (1977).

[22] C. Rubbia (ICARUS-WA104, LAr1-ND, MicroBooNE),
(2015).

[23] P. Abratenko et al. (ICARUS), Eur. Phys. J. C 83, 467
(2023), arXiv:2301.08634 |[hep-ex].

[24] P. Astier et al. (NOMAD), Nucl. Phys. B 611, 3 (2001),
arXiv:hep-ex/0106102.

[25] B. Armbruster et al. (KARMEN), Phys. Rev. D 65,
112001 (2002), arXiv:hep-ex/0203021.

[26] P. Astier et al. (NOMAD), Phys. Lett. B 570, 19 (2003),
arXiv:hep-ex/0306037.

[27] A. A. Aguilar-Arevalo et al. (MiniBooNE), Phys. Rev.
Lett. 98, 231801 (2007), arXiv:0704.1500 [hep-ex].

[28] R. Tsenov (CHORUS), Balk. Phys. Lett. 17, 191 (2009).

[29] M. G. Aartsen et al. (IceCube), Phys. Rev. Lett. 117,
071801 (2016), arXiv:1605.01990 [hep-ex].

[30] P. Adamson et al. (MINOS+, Daya Bay), Phys. Rev.
Lett. 125, 071801 (2020), arXiv:2002.00301 [hep-ex].

[31] A. A. Aguilar-Arevalo et al. (MiniBooNE), Phys. Rev. D
103, 052002 (2021), arXiv:2006.16883 |[hep-ex].

[32] A. Atre, T. Han, S. Pascoli, and B. Zhang, JHEP 05,
030 (2009), arXiv:0901.3589 [hep-ph].

[33] M. Daum, B. Jost, R. M. Marshall, R. C. Minehart,
W. A. Stephens, and K. O. H. Ziock, Phys. Rev. D 36,
2624 (1987).

[34] D. L. Britton et al., Phys. Rev. D 46, R885 (1992).

[35] A. V. Artamonov et al. (E949), Phys. Rev. D 91, 052001
(2015), [Erratum: Phys.Rev.D 91, 059903 (2015)],
arXiv:1411.3963 [hep-ex].


http://dx.doi.org/10.1016/0370-2693(77)90435-X
http://dx.doi.org/10.1103/PhysRevLett.44.912
http://dx.doi.org/10.1103/PhysRevLett.44.912
http://arxiv.org/abs/1306.4669
http://dx.doi.org/10.1103/PhysRevLett.56.561
http://dx.doi.org/10.1103/PhysRevD.34.1642
http://dx.doi.org/10.1103/PhysRevD.34.1642
http://dx.doi.org/ 10.1016/0370-2693(87)91100-2
http://dx.doi.org/10.1103/PhysRevLett.95.161801
http://dx.doi.org/10.1103/PhysRevLett.95.161801
http://arxiv.org/abs/hep-ph/0506296
http://dx.doi.org/10.1016/0550-3213(89)90304-0
http://dx.doi.org/10.1016/0550-3213(89)90304-0
http://dx.doi.org/10.1103/PhysRevD.76.073005
http://dx.doi.org/10.1103/PhysRevD.76.073005
http://arxiv.org/abs/0705.3221
http://dx.doi.org/ 10.1088/1126-6708/2007/12/061
http://arxiv.org/abs/0707.4058
http://arxiv.org/abs/0707.4058
http://dx.doi.org/10.1088/1361-6471/ac98f9
http://arxiv.org/abs/2203.08039
http://arxiv.org/abs/1204.5379
http://arxiv.org/abs/0906.1788
http://arxiv.org/abs/0906.1788
http://dx.doi.org/10.1016/0370-2693(86)91126-3
http://dx.doi.org/10.1016/0370-2693(86)91126-3
http://dx.doi.org/10.1103/PhysRevLett.81.1359
http://arxiv.org/abs/hep-ph/9803255
http://dx.doi.org/10.1016/j.physletb.2005.06.020
http://dx.doi.org/10.1016/j.physletb.2005.06.020
http://arxiv.org/abs/hep-ph/0505013
http://dx.doi.org/10.1088/1126-6708/2008/08/008
http://arxiv.org/abs/0804.4542
http://arxiv.org/abs/0804.4542
http://dx.doi.org/10.1103/PhysRevD.64.112007
http://dx.doi.org/10.1103/PhysRevD.64.112007
http://arxiv.org/abs/hep-ex/0104049
http://dx.doi.org/10.1103/PhysRevLett.102.101802
http://dx.doi.org/10.1103/PhysRevLett.102.101802
http://arxiv.org/abs/0812.2243
http://dx.doi.org/10.1140/epjc/s10052-023-11610-y
http://dx.doi.org/10.1140/epjc/s10052-023-11610-y
http://arxiv.org/abs/2301.08634
http://dx.doi.org/10.1016/S0550-3213(01)00339-X
http://arxiv.org/abs/hep-ex/0106102
http://dx.doi.org/10.1103/PhysRevD.65.112001
http://dx.doi.org/10.1103/PhysRevD.65.112001
http://arxiv.org/abs/hep-ex/0203021
http://dx.doi.org/10.1016/j.physletb.2003.07.029
http://arxiv.org/abs/hep-ex/0306037
http://dx.doi.org/10.1103/PhysRevLett.98.231801
http://dx.doi.org/10.1103/PhysRevLett.98.231801
http://arxiv.org/abs/0704.1500
http://dx.doi.org/10.1103/PhysRevLett.117.071801
http://dx.doi.org/10.1103/PhysRevLett.117.071801
http://arxiv.org/abs/1605.01990
http://dx.doi.org/10.1103/PhysRevLett.125.071801
http://dx.doi.org/10.1103/PhysRevLett.125.071801
http://arxiv.org/abs/2002.00301
http://dx.doi.org/10.1103/PhysRevD.103.052002
http://dx.doi.org/10.1103/PhysRevD.103.052002
http://arxiv.org/abs/2006.16883
http://dx.doi.org/ 10.1088/1126-6708/2009/05/030
http://dx.doi.org/ 10.1088/1126-6708/2009/05/030
http://arxiv.org/abs/0901.3589
http://dx.doi.org/ 10.1103/PhysRevD.36.2624
http://dx.doi.org/ 10.1103/PhysRevD.36.2624
http://dx.doi.org/10.1103/PhysRevD.46.R885
http://dx.doi.org/10.1103/PhysRevD.91.052001
http://dx.doi.org/10.1103/PhysRevD.91.052001
http://arxiv.org/abs/1411.3963

[36] A. Aguilar-Arevalo et al. (PIENU), Phys. Rev. D 97,
072012 (2018), arXiv:1712.03275 [hep-ex].

[37] A. Aguilar-Arevalo et al. (PIENU), Phys. Lett. B 798,
134980 (2019), arXiv:1904.03269 [hep-ex].

[38] E. Cortina Gil et al. (NA62), Phys. Lett. B 807, 135599
(2020), arXiv:2005.09575 [hep-ex].

[39] A. M. Cooper-Sarkar et al. (WA66), Phys. Lett. B 160,
207 (1985).

[40] A. Vaitaitis et al. (NuTeV, E815), Phys. Rev. Lett. 83,
4943 (1999), arXiv:hep-ex/9908011.

[41] G. Aad et al. (ATLAS), Phys. Rev. Lett. 131, 061803
(2023), arXiv:2204.11988 [hep-ex].

[42] A. Hayrapetyan et al. (CMS), (2024), arXiv:2405.17605
[hep-ex].

[43] G. Aad et al. (ATLAS), (2024), arXiv:2403.15085 [hep-
ex.

[44] A. Broncano, M. B. Gavela, and E. E. Jenkins, Phys.
Lett. B 552, 177 (2003), [Erratum: Phys.Lett.B 636, 332
(2006)], arXiv:hep-ph/0210271.

[45] A. Broncano, M. B. Gavela, and E. E. Jenkins, Nucl.
Phys. B 672, 163 (2003), arXiv:hep-ph/0307058.

[46] S. Antusch, C. Biggio, E. Fernandez-Martinez, M. B.
Gavela, and J. Lopez-Pavon, JHEP 10, 084 (2006),
arXiv:hep-ph/0607020.

[47] E. Fernandez-Martinez, M. B. Gavela, J. Lopez-Pavon,
and O. Yasuda, Phys. Lett. B 649, 427 (2007), arXiv:hep-
ph/0703098.

[48] M. Drewes, J. Klari¢, and J. Lépez-Pavén, Eur. Phys.
J. C 82, 1176 (2022), arXiv:2207.02742 [hep-ph].

[49] D. A. Bryman and R. Shrock, Phys. Rev. D 100, 073011
(2019), arXiv:1909.11198 [hep-ph].

[50] G. Aad et al. (ATLAS), JHEP 10, 265 (2019),
arXiv:1905.09787 [hep-ex].

[61] R. Barouki, G. Marocco, and S. Sarkar, SciPost Phys.
13, 118 (2022), arXiv:2208.00416 [hep-ph].

[62] D. Liventsev et al. (Belle), Phys. Rev. D 87, 071102
(2013), [Erratum: Phys.Rev.D 95, 099903 (2017)],
arXiv:1301.1105 [hep-ex].

[63] G. Bellini et al. (Borexino), Phys. Rev. D 88, 072010
(2013), arXiv:1311.5347 [hep-ex].

[64] F. Bergsma et al. (CHARM), Phys. Lett. B 166, 473
(1986).

[65] A. M. Sirunyan et al. (CMS), Phys. Rev. Lett. 120,
221801 (2018), arXiv:1802.02965 [hep-ex].

[66] A. Tumasyan et al. (CMS), JHEP 07, 081 (2022),
arXiv:2201.05578 [hep-ex].

[67] A. Hayrapetyan et al. (CMS), Phys. Rev. D 110, 012004
(2024), arXiv:2402.18658 [hep-ex].

[58] A. Hayrapetyan et al. (CMS), JHEP 06, 123 (2024),
arXiv:2403.00100 [hep-ex].

[59] P. Abreu et al. (DELPHI), Z. Phys. C 74, 57 (1997),
[Erratum: Z.Phys.C 75, 580 (1997)].

[60] P. Achard et al. (L3), Phys. Lett. B 517, 67 (2001),
arXiv:hep-ex/0107014.

[61] Y. Ema, Z. Liu, K.-F. Lyu, and M. Pospelov, JHEP 08,
169 (2023), arXiv:2306.07315 [hep-ph].

[62] M. Blennow, E. Ferndndez-Martinez, J. Herndndez-
Garcia, J. Lépez-Pavén, X. Marcano, and D. Naredo-
Tuero, JHEP 08, 030 (2023), arXiv:2306.01040 [hep-ph].

[63] K. Abe et al. (T2K), Phys. Rev. D 100, 052006 (2019),
arXiv:1902.07598 |[hep-ex].

[64] P. Abratenko et al. (MicroBooNE), Phys. Rev. Lett. 132,
041801 (2024), arXiv:2310.07660 [hep-ex].

12

[65] P. Vilain et al. (CHARM II), Phys. Lett. B 343, 453
(1995).

[66] A. M. Sirunyan et al. (CMS), JHEP 01, 122 (2019),
arXiv:1806.10905 [hep-ex].

[67] V. Khachatryan et al. (CMS), JHEP 04, 169 (2016),
arXiv:1603.02248 [hep-ex].

[68] J. Badier et al. (NA3), Z. Phys. C 31, 21 (1986).

[69] E. Cortina Gil et al. (NA62), Phys. Lett. B 816, 136259
(2021), arXiv:2101.12304 [hep-ex].

[70] C. A. Argiielles, N. Foppiani, and M. Hostert, Phys. Rev.
D 105, 095006 (2022), arXiv:2109.03831 [hep-ph].

[71] R. Acciarri et al. (ArgoNeuT), Phys. Rev. Lett. 127,
121801 (2021), arXiv:2106.13684 |hep-ex].

[72] M. Dentler, A. Herndndez-Cabezudo, J. Kopp, P. A. N.
Machado, M. Maltoni, I. Martinez-Soler, and
T. Schwetz, JHEP 08, 010 (2018), arXiv:1803.10661 [hep-
ph].

[73] J. P. Lees et al. (BaBar), Phys. Rev. D 107, 052009
(2023), arXiv:2207.09575 [hep-ex].

[74] M. Nayak et al. (Belle), Phys. Rev. D 109, L111102
(2024), arXiv:2402.02580 [hep-ex].

[75] R. Plestid, Phys. Rev. D 104, 075028 (2021), [Erratum:
Phys.Rev.D 105, 099901 (2022)], arXiv:2010.09523 [hep-
ph].

[76] 1. Boiarska, A. Boyarsky, O. Mikulenko, and
M. Ovchynnikov, Phys. Rev. D 104, 095019 (2021),
arXiv:2107.14685 [hep-ph].

[77] J. Orloff, A. N. Rozanov, and C. Santoni, Phys. Lett. B
550, 8 (2002), arXiv:hep-ph/0208075.

[78] J. Berger and G. Putnam, (2024), arXiv:2405.18480
[hep-ph].

[79] B. Batell, J. Berger, and A. Ismail, Phys. Rev. D 100,
115039 (2019), arXiv:1909.11670 [hep-ph].

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

[81] S. Agostinelli et al. (GEANT4), Nucl. Instrum. Meth. A
506, 250 (2003).

[82] J. Allison et al., IEEE Trans. Nucl. Sci. 53, 270 (2006).

[83] J. Allison et al., Nucl. Instrum. Meth. A 835, 186 (2016).

[84] L. Aliaga Soplin, Neutrino Fluz Prediction for the NuMI
Beamline, Ph.D. thesis, William-Mary Coll. (2016).

[85] P. Coloma, E. Ferndndez-Martinez, M. Gonzalez-Lépez,
J. Hernandez-Garcia, and Z. Pavlovic, Eur. Phys. J. C
81, 78 (2021), arXiv:2007.03701 [hep-ph].

[86] T. Sjostrand, S. Ask, J. R. Christiansen, R. Corke, N. De-
sai, P. Ilten, S. Mrenna, S. Prestel, C. O. Rasmussen, and
P. Z. Skands, Comput. Phys. Commun. 191, 159 (2015),
arXiv:1410.3012 [hep-ph].

[87] A. Alloul, N. D. Christensen, C. Degrande, C. Dubhr,
and B. Fuks, Comput. Phys. Commun. 185, 2250 (2014),
arXiv:1310.1921 [hep-ph].

[88] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni,
O. Mattelaer, H. S. Shao, T. Stelzer, P. Torrielli, and
M. Zaro, JHEP 07, 079 (2014), arXiv:1405.0301 [hep-
ph].

[89] C. Andreopoulos et al., Nucl. Instrum. Meth. A 614, 87
(2010), arXiv:0905.2517 [hep-ph].

[90] G. J. Feldman and R. D. Cousins, Phys. Rev. D 57, 3873
(1998), arXiv:physics/9711021.

[91] P. Coloma, J. Martin-Albo, and S. Urrea, Phys. Rev. D
109, 035013 (2024), arXiv:2309.06492 [hep-ph].

[92] E. Ferndandez-Martinez, M. Gonzélez-Lépez,
J. Hernandez-Garcia, M. Hostert, and J. Lépez-Pavén,
JHEP 09, 001 (2023), arXiv:2304.06772 [hep-ph].


http://dx.doi.org/10.1103/PhysRevD.97.072012
http://dx.doi.org/10.1103/PhysRevD.97.072012
http://arxiv.org/abs/1712.03275
http://dx.doi.org/10.1016/j.physletb.2019.134980
http://dx.doi.org/10.1016/j.physletb.2019.134980
http://arxiv.org/abs/1904.03269
http://dx.doi.org/10.1016/j.physletb.2020.135599
http://dx.doi.org/10.1016/j.physletb.2020.135599
http://arxiv.org/abs/2005.09575
http://dx.doi.org/10.1016/0370-2693(85)91493-5
http://dx.doi.org/10.1016/0370-2693(85)91493-5
http://dx.doi.org/10.1103/PhysRevLett.83.4943
http://dx.doi.org/10.1103/PhysRevLett.83.4943
http://arxiv.org/abs/hep-ex/9908011
http://dx.doi.org/ 10.1103/PhysRevLett.131.061803
http://dx.doi.org/ 10.1103/PhysRevLett.131.061803
http://arxiv.org/abs/2204.11988
http://arxiv.org/abs/2405.17605
http://arxiv.org/abs/2405.17605
http://arxiv.org/abs/2403.15085
http://arxiv.org/abs/2403.15085
http://dx.doi.org/10.1016/S0370-2693(02)03130-1
http://dx.doi.org/10.1016/S0370-2693(02)03130-1
http://arxiv.org/abs/hep-ph/0210271
http://dx.doi.org/10.1016/j.nuclphysb.2003.09.011
http://dx.doi.org/10.1016/j.nuclphysb.2003.09.011
http://arxiv.org/abs/hep-ph/0307058
http://dx.doi.org/10.1088/1126-6708/2006/10/084
http://arxiv.org/abs/hep-ph/0607020
http://dx.doi.org/10.1016/j.physletb.2007.03.069
http://arxiv.org/abs/hep-ph/0703098
http://arxiv.org/abs/hep-ph/0703098
http://dx.doi.org/10.1140/epjc/s10052-022-11100-7
http://dx.doi.org/10.1140/epjc/s10052-022-11100-7
http://arxiv.org/abs/2207.02742
http://dx.doi.org/10.1103/PhysRevD.100.073011
http://dx.doi.org/10.1103/PhysRevD.100.073011
http://arxiv.org/abs/1909.11198
http://dx.doi.org/ 10.1007/JHEP10(2019)265
http://arxiv.org/abs/1905.09787
http://dx.doi.org/10.21468/SciPostPhys.13.5.118
http://dx.doi.org/10.21468/SciPostPhys.13.5.118
http://arxiv.org/abs/2208.00416
http://dx.doi.org/10.1103/PhysRevD.87.071102
http://dx.doi.org/10.1103/PhysRevD.87.071102
http://arxiv.org/abs/1301.1105
http://dx.doi.org/10.1103/PhysRevD.88.072010
http://dx.doi.org/10.1103/PhysRevD.88.072010
http://arxiv.org/abs/1311.5347
http://dx.doi.org/10.1016/0370-2693(86)91601-1
http://dx.doi.org/10.1016/0370-2693(86)91601-1
http://dx.doi.org/10.1103/PhysRevLett.120.221801
http://dx.doi.org/10.1103/PhysRevLett.120.221801
http://arxiv.org/abs/1802.02965
http://dx.doi.org/10.1007/JHEP07(2022)081
http://arxiv.org/abs/2201.05578
http://dx.doi.org/10.1103/PhysRevD.110.012004
http://dx.doi.org/10.1103/PhysRevD.110.012004
http://arxiv.org/abs/2402.18658
http://dx.doi.org/10.1007/JHEP06(2024)123
http://arxiv.org/abs/2403.00100
http://dx.doi.org/10.1007/s002880050370
http://dx.doi.org/ 10.1016/S0370-2693(01)00993-5
http://arxiv.org/abs/hep-ex/0107014
http://dx.doi.org/ 10.1007/JHEP08(2023)169
http://dx.doi.org/ 10.1007/JHEP08(2023)169
http://arxiv.org/abs/2306.07315
http://dx.doi.org/ 10.1007/JHEP08(2023)030
http://arxiv.org/abs/2306.01040
http://dx.doi.org/ 10.1103/PhysRevD.100.052006
http://arxiv.org/abs/1902.07598
http://dx.doi.org/10.1103/PhysRevLett.132.041801
http://dx.doi.org/10.1103/PhysRevLett.132.041801
http://arxiv.org/abs/2310.07660
http://dx.doi.org/10.1016/0370-2693(94)01422-9
http://dx.doi.org/10.1016/0370-2693(94)01422-9
http://dx.doi.org/10.1007/JHEP01(2019)122
http://arxiv.org/abs/1806.10905
http://dx.doi.org/10.1007/JHEP04(2016)169
http://arxiv.org/abs/1603.02248
http://dx.doi.org/ 10.1007/BF01559588
http://dx.doi.org/10.1016/j.physletb.2021.136259
http://dx.doi.org/10.1016/j.physletb.2021.136259
http://arxiv.org/abs/2101.12304
http://dx.doi.org/10.1103/PhysRevD.105.095006
http://dx.doi.org/10.1103/PhysRevD.105.095006
http://arxiv.org/abs/2109.03831
http://dx.doi.org/10.1103/PhysRevLett.127.121801
http://dx.doi.org/10.1103/PhysRevLett.127.121801
http://arxiv.org/abs/2106.13684
http://dx.doi.org/10.1007/JHEP08(2018)010
http://arxiv.org/abs/1803.10661
http://arxiv.org/abs/1803.10661
http://dx.doi.org/ 10.1103/PhysRevD.107.052009
http://dx.doi.org/ 10.1103/PhysRevD.107.052009
http://arxiv.org/abs/2207.09575
http://dx.doi.org/ 10.1103/PhysRevD.109.L111102
http://dx.doi.org/ 10.1103/PhysRevD.109.L111102
http://arxiv.org/abs/2402.02580
http://dx.doi.org/10.1103/PhysRevD.104.075028
http://arxiv.org/abs/2010.09523
http://arxiv.org/abs/2010.09523
http://dx.doi.org/10.1103/PhysRevD.104.095019
http://arxiv.org/abs/2107.14685
http://dx.doi.org/10.1016/S0370-2693(02)02769-7
http://dx.doi.org/10.1016/S0370-2693(02)02769-7
http://arxiv.org/abs/hep-ph/0208075
http://arxiv.org/abs/2405.18480
http://arxiv.org/abs/2405.18480
http://dx.doi.org/10.1103/PhysRevD.100.115039
http://dx.doi.org/10.1103/PhysRevD.100.115039
http://arxiv.org/abs/1909.11670
http://dx.doi.org/10.1016/j.nima.2015.08.063
http://dx.doi.org/10.1016/j.nima.2015.08.063
http://arxiv.org/abs/1507.06690
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1109/TNS.2006.869826
http://dx.doi.org/10.1016/j.nima.2016.06.125
http://dx.doi.org/10.2172/1250884
http://dx.doi.org/ 10.1140/epjc/s10052-021-08861-y
http://dx.doi.org/ 10.1140/epjc/s10052-021-08861-y
http://arxiv.org/abs/2007.03701
http://dx.doi.org/10.1016/j.cpc.2015.01.024
http://arxiv.org/abs/1410.3012
http://dx.doi.org/10.1016/j.cpc.2014.04.012
http://arxiv.org/abs/1310.1921
http://dx.doi.org/10.1007/JHEP07(2014)079
http://arxiv.org/abs/1405.0301
http://arxiv.org/abs/1405.0301
http://dx.doi.org/10.1016/j.nima.2009.12.009
http://dx.doi.org/10.1016/j.nima.2009.12.009
http://arxiv.org/abs/0905.2517
http://dx.doi.org/10.1103/PhysRevD.57.3873
http://dx.doi.org/10.1103/PhysRevD.57.3873
http://arxiv.org/abs/physics/9711021
http://dx.doi.org/10.1103/PhysRevD.109.035013
http://dx.doi.org/10.1103/PhysRevD.109.035013
http://arxiv.org/abs/2309.06492
http://dx.doi.org/ 10.1007/JHEP09(2023)001
http://arxiv.org/abs/2304.06772

	Heavy Neutral Lepton searches at an ICARUS-like detector using NuMI beam
	Abstract
	Introduction
	Benchmark HNL model
	Experimental setup
	Simulations
	Signal events
	Background events

	Results
	The role of the HNL decay channel
	The impact of the background
	The potential of ICARUS over present constraints

	Summary
	Acknowledgments
	References


