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Abstract: This Letter of Interest discusses the search for Heavy Neutral Leptons with future neutrino
detectors. These detectors, either near detectors of long-baseline experiments or main detectors of short-
baseline ones, are situated near intense proton beams and offer unique sensitivity to discover Heavy Neutral
Leptons of many varieties.
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Executive summary: We intend to study, in detail, the sensitivity for the search of Heavy Neutral
Lepton (HNLs) with masses in the few hundred MeV to a few GeV range, with planned detectors for neutrino
physics experiments, located within a few hundred meters of a proton beam target. Examples are the planned
DUNE near detector, as well as the SBND and ICARUS experiments at the Short-Baseline Neutrino facility
at Fermilab. Initial studies have demonstrated the huge potential of the DUNE Near Detector (DUNE-ND)
complex for such a search. We plan for realistic detector studies for experimental set-ups like the ones above,
including background, with up-to-date configuration of the detectors and with most recent plans for beam
conditions and expected amount of protons on target (POT), using state-of-the-art tools for the simulation
of production and decay of HNLs.

Introduction: As an example, in the νMSM scenario, HNLs are the almost-sterile, right-handed,
partners of the active neutrino flavors1. This model aims to address, within one consistent framework,
several of the present problems in the Standard Model (SM) such as the smallness of the neutrino masses and
the baryon asymmetry observed in the Universe, see e.g. Ref.2 for a recent review on this topic. The lightest
HNL is also a potential dark matter candidate. HNLs complete the SM particle list by providing right-handed
partners, which are singlets under the electroweak and strong interactions, to Standard Model left-handed
neutrinos. Thanks to mixing with the SM neutrinos, they undergo a tiny fraction of weak interaction.

HNL searches: Over the last ten years, a new region of phase space of couplings and masses of HNLs
is gaining interest. It is consistent with cosmological and astrophysical bounds, and is becoming accessible
with the new generation of beam dump experiments at the Intensity Frontier. Next-generation neutrino
experiments offer a broader search for HNL in this region of parameter space3.

A prominent beam dump proposal is the SHiP experiment4 at the CERN SPS, which, according to
the originally proposed time plan, would be contemporary with DUNE and the Short-Baseline Neutrino
detectors operations at FNAL. In the meantime, results from searches have been presented by the T2K5 and
MicroBooNE6 collaborations, and are expected for NOvA and MiniBooNE. Discovering HNLs would be a
true game changer in the field of particle physics.

The primary assumption in the planned studies is that HNLs are the lightest new particles in the hidden
sector (which a priori could contain several new states) and these HNLs, couple very weakly to SM particles.
We also plan to consider searches based on non-standard decays of HNLs e.g including decays through a
dark Z ′ 7–9, dipole moments10–13, or a B − L gauge boson14.

HNL production: We consider HNLs that originate from decays of mesons and leptons produced at the
target, when hit by the proton beam. Mesons of any charge may produce HNLs with a mass in the range
of 10 MeV to 2 GeV. The higher masses arise from decays of charmed D±s mesons. The HNLs couple
very weakly with the SM particles, and as a consequence, can have long lifetimes, allowing them to travel
from the production target for several hundred meters, and decay inside the active fiducial volume of one of
the detectors located at that distance. The boost in the beam direction is more important than it is for SM
neutrinos, and can lead to an enhancement in the flux that reaches the detector15;16.

The correct description of the helicity components in the beam is important for predicting the angular
distributions of HNL decays, as they might depend on the initial helicity state. In fact, there is a different
phenomenology for a Majorana or a Dirac fermion decaying HNL17;18.

HNL Signatures and backgrounds: Typical decay channels are two-body decays into a charged lepton
and a pseudo-scalar meson or a vector meson, if the mass allows it, two-body decays into mesons, and
three-body leptonic decays are accessible as well.

The most characteristic experimental signature of an HNL is a decay-in-flight event with no interaction
vertex (which is typical of neutrino–nucleon scattering), and a rather forward direction with respect to the
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beam. The dominant decay channels into visible final states, for HNLs in the low-mass region, typically are:
HNL → eπ, νeµ, νee, νµµ, νπ0, and µπ. The most significant contributions to the sensitivity come from
the eπ and the µπ channels. The mass range for HNLs up to 2 GeV can be explored in all flavor-mixing
channels. Decay channels for masses above 500 MeV include channels containing heavier mesons and tau
leptons (see, e.g., Table 1 in18).

The main background to this search comes from SM neutrino–nucleon scattering events in which the
hadronic activity at the vertex is below threshold, see e.g.18. Charged-current quasi-elastic events with pion
emission from resonances are background to the semi-leptonic decay channels. Moreover, mis-identification
of long pion tracks as muons can constitute a background to three-body leptonic decays. Neutral pions are
often emitted in neutrino scattering events and can be a challenging background for HNL decays that include
a neutral meson or channels with electrons in the final state.

A liquid Argon detector system (like the ND-LAr or the SBN detectors) are most susceptible to back-
ground neutrino interactions, while the precision gas detector15;19 of the DUNE-ND system is less vulnera-
ble. SBN detectors are however closer to the production target and are operational sooner. Neutrino-nucleus
background could be additionally suppressed using the fast timing of the detectors. To quantify these back-
ground levels, we intend to perform detailed simulation studies and estimate the impact on the detector
requirements.

Tools for the HNL studies: We have developed a number of tools for the initial HNL sensitivity studies
with the DUNE-ND detector as reported in15;16;19. These tools use the LBNF neutrino flux files, including
kinematic corrections for the HNL masses, and use consistent expressions for all relevant effective operators
involving mesons with masses up to 2 GeV.

Project for the Snowmass 2021: We propose to contribute to the Snowmass 2021 discussion with
sensitivity studies for searches of decays-in-flight of HNL particles up a mass of 2 GeV. For example, for
DUNE this study will be based on total of 6× 1021 POT and 2× 1022 POT, i.e., for a running scenario of 6
years with a 120 GeV proton beam of 1.2 MW, followed by 6 years of 2.4 MW and using both the neutrino
and anti-neutrino mode configurations. For other experiments with discovery potential tools developed for
the initial DUNE-ND studies can be used to explore sensitivity, based on specific detector capabilities. The
studies will be performed coordinating with the ongoing HNL searches in SBN.

The project is based on the experience with a recent study, illustrating the potential sensitivity for HNL
searches with the DUNE-ND15;16;18;19, updated for the most recent LBNF neutrino flux predictions and
including results for the anti-neutrino beam configuration. This shows that DUNE will have a superior
sensitivity at small values of the mixing parameters compared to the presently available and planned exper-
imental limits on mixing parameters of HNLs with the three lepton flavors. The ultimate sensitivity will be
achieved only in about twenty years from now. Therefore, it remains useful to explore any SBN experimen-
tal capabilities which can be achieved within the next five years, like the combination of the NUMI-beam
with the ICARUS detector.

For the DUNE-ND we will present sensitivities for the mixing parameters, with the electron and muon
neutrino flavors, which can be as low as 10−9 to 10−10 in the mass range of 300 MeV to 500 MeV. It would
be the first such search to reach down to mixing angles favored by the seesaw mechanism. In the region
above 500 MeV the sensitivity will be reduced to 10−8 for eN mixing and 10−7 for µN mixing. The τN
mixing sensitivity will be weaker but will still cover an unexplored regime.

Further, we intend to explore new directions as in the effect of off-axis detectors on signal and back-
ground for HNLs, or the sensitivity for using the T2K upgraded near detector, or scenarios that can include
additional new exotic particles. If an HNL observation is made additional information can also be extracted
from the measurements beyond the mass and couplings, e.g. the Majorana/Dirac nature.
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[12] Oliver Fischer, Álvaro Hernández-Cabezudo, and Thomas Schwetz. Explaining the MiniBooNE ex-
cess by a decaying sterile neutrino with mass in the 250 MeV range. Phys. Rev. D, 101(7):075045,
2020.

[13] Ian M. Shoemaker, Yu-Dai Tsai, and Jason Wyenberg. An Active-to-Sterile Neutrino Transition Dipole
Moment and the XENON1T Excess. 7 2020.

[14] Brian Batell, Maxim Pospelov, and Brian Shuve. Shedding Light on Neutrino Masses with Dark
Forces. JHEP, 08:052, 2016.

[15] Jeffrey M. Berryman, Andre de Gouvea, Patrick J Fox, Boris Jules Kayser, Kevin James Kelly, and
Jennifer Lynne Raaf. Searches for Decays of New Particles in the DUNE Multi-Purpose Near Detector.
JHEP, 02:174, 2020.

[16] Pilar Coloma, Enrique Fernández-Martı́nez, Manuel González-López, Josu Hernández-Garcı́a, and
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