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We propose a method to ease the challenges of exploring multidimensional parameter spaces in beyond-
the-Standard Model theories. We evaluate the model likelihood for any choice of parameters by sampling
the theory parameters intelligently and building a kernel density estimator. By reducing the number of
expensive Monte Carlo simulations, this method provides an efficient way to test complex theories. We
illustrate our technique to set new limits on a short-lived heavy neutrino N, proposed as an explanation of
anomalies in neutrino experiments. Using a search for lepton pairs in the T2K near detector, we find
exclusion limits on the model parameters in a vast region of parameter space, fully exploiting the
advantages of our new method. With a single Monte Carlo simulation, we obtain the differential event rate
for arbitrary choices of model parameters, allowing us to cast limits on any slice of the model parameter
space. We conclude that N particles with lifetimes greater than cτ0 ≳ 3 cm are excluded by T2K data. We
also derive model-independent constraints in terms of the total rate, lifetime, and N mass and provide an
approximated analytical formula. This method can be applied in other branches of physics to explore the
landscape of theory parameters efficiently.
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I. INTRODUCTION

Neutrinos are a unique ingredient of the Standard Model
(SM). The absence of electric charge and their extremely
small but nonvanishing mass implies that, contrary to all
other fermions, neutrinos do not have their properties
uniquely determined by the SM gauge group,G ¼ SUð3Þ×
SUð2Þ × Uð1Þ. Indeed, to uniquely determine the origin of
neutrinomasses, we are left to choose between the existence
of new symmetries, such asUð1ÞB−L, or new scales, such as
the Majorana mass of their right-handed partners. The latter
is the route chosen in the canonical Type-I seesaw mecha-
nism [1–9], which has long been the leading motivation for
experimental searches for feebly-interacting Majorana par-
ticles in cosmological or laboratory settings [2]. As a

complete singlet under G, right-handed neutrinos could
also provide unique insight into the possible existence of
other hypothetical particles, such as dark matter, the dark
photon, or additional Higgs bosons.
While neutrino experiments have achieved remarkable

success in proving that neutrinos change flavor over macro-
scopical distances, global data still does not point to a
coherent picture. Short-baseline experiments, characterized
by baselines and energies of L=E ∼ 1 km=GeV, provide
significant outliers in the framework of three-neutrino
oscillations. This is led mostly by the 4.8σ excess of
electronlike events atMiniBooNE [3–8], and the 3.8σ excess
of inverse-beta-decay events at LSND [9–13]. For a long
time, solutions based on a light sterile neutrinowithΔm2

41 of
Oð1Þ eV2 were the leading candidates for a beyond-the-SM
explanationbut haveyet to successfully overcome challenges
with accelerator and reactor experiments, as well as cosmo-
logical observations [14]. For a recent review on the status of
this topic, see Ref. [15]. Since then, theoretical activity in
low-scale dark sectors has intensified and, unsurprisingly,
new dark-sector solutions to the short-baseline puzzle have
been brought to light [16–40].
Among them is the possibility that light dark particles are

produced in the scattering of neutrinos with matter and
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misidentified as electron-neutrinos due to their electromag-
netic decays. These models have been popularized by their
connection to neutrino masses in low-scale seesaw models,
the possibility to explain other low-energy anomalies, and,
chiefly, due to their falsifiability.
Often, these dark sector solutions involve several new

particles and, with them, several independent parameters.
While the experimental signatures are straightforward to
identify, thoroughly exploring the model parameter space
can quickly become unmanageable. This curse of dimen-
sionality is especially burdensome due to the expensive
Monte Carlo simulations of the experiments. This article
provides a solution to this problem using a new method
based on reweighing Monte Carlo samples. Thoroughly
exploring parameter spaces is essential both when placing
constraints, since parameters can often be correlated, and
when searching for degenerate new-physics solutions since
they can be missed in coarse scanning procedures. Our
method is a generic way to explore any model with a
complex parameter space; thus, it applies to several
branches of physics.
The novelty of our technique lies in the usage of a single

Monte Carlo simulation that simultaneously samples physi-
cal quantities, like phase space variables, as well as model
parameters, such as the masses of heavy neutrinos and the
dark photon. With sufficient statistics, these samples can be
used to construct a kernel density estimator (KDE), which
computes the model prediction and corresponding like-
lihood for any choice of model parameters within the
boundaries of the simulation. The result is a fast inter-
polation of the posterior probability of the model and
greater flexibility in determining confidence intervals in
various slices of parameter space. This method does away
with the usual procedure used in the phenomenology
community of repeating the full experimental simulation
on an n-dimensional grid, which can be a much more
inefficient way to build the posterior. By adaptively
sampling the model parameter space, we maximize the
sampling around the regions of interest.
We illustrate our proposal in the context of a dark sector

model that can explain the MiniBooNE excess. The model
will contain heavy neutrinos and a dark photon, whose
properties are defined by parameters embedded in a
multidimensional parameter space. We apply our method
to a search for eþe− in the multicomponent near detector of
T2K, ND280 [41]. The signatures arise from the upscatter-
ing of neutrinos inside the high-density region of the
detector, followed by the decay of the heavy neutrino into
eþe− pairs inside the gaseous argon (GAr) time-projection
chambers (TPC) of ND280. By leveraging the power of our
technique, we can take advantage of our detailed detector
simulation throughout a much broader parameter space.
This article is divided as follows. In Sec. II we intro-

duce the model we study in this work, providing a phenom-
enology-friendly parametrization. Section III provides details

on the ND280 detector and the analyses we use to
set constraints. In Sec. IV we discuss our dedicated
Monte Carlo simulation and introduce our reweighing
scheme and KDE techniques. Finally, in Sec. V, we present
the resulting limits in slices of parameter space and conclude
in Sec. VI.

II. DARK NEUTRINOS

The idea that low-scale seesaw extensions of the SM can
coexist with new gauge symmetries, most famously with
B − L [42–51], has been discussed throughout the literature
also in the context of baryonic [52], leptonic [53,54], or
completely hidden gauge symmetries [55–61]. These
models present a complicated mass spectrum and a self-
interacting dark sector that can be challenging to identify
experimentally. Nevertheless, they remain viable and test-
able examples of low-scale neutrino mass mechanisms and
deserve experimental scrutiny.
In this article, we focus on a low-scale dark sector

containing heavy neutrino states and a brokenUð1ÞD gauge
symmetry [25–31]. The heavy neutrinos interact with the
mediator of the dark gauge group, the dark photon, and
with SM neutrinos via mixing. Through a combination of
neutrino mixing and kinetic mixing between the SM photon
and the dark photon, this dark sector leads to new
interactions of neutrinos with charged particles. It contains
heavy neutrino states that decay primarily through the new
force. This model is especially interesting in the context of
short-baseline anomalies as it predicts the production of
heavy neutrinos inside detectors, which subsequently decay
to electromagnetic final states, mimicking νμ → νe appear-
ance signatures.
We start with the definition of a simplified, low-energy

Lagrangian that will be used throughout this work. We
discuss mechanisms to UV-complete this Lagrangian in
Sec. II A. The minimal particle content we consider con-
tains a single mediator, corresponding to a kinetically-
mixed dark photon Z0, and heavy neutrino states νi≥4. We
provide further details on the UV completions of the model
at the end of this section. In terms of the physical fields, our
Lagrangian reads

L ⊃ Lν-mass þ
m2

Z0

2
Z0μZ0

μ þ Z0
μðeϵJμEM þ gDJ

μ
DÞ; ð1Þ

where Lν-mass contains all the mass terms for the neutrino
fields after proper diagonalization. The dark photon inter-
acts with the SM electromagnetic current, JμEM, propor-
tionally to the electric charge e and kinetic mixing ϵ. It also
interacts with the neutral leptons dark current, JμD, propor-
tionally to the gauge coupling gD. The above Lagrangian
includes all interactions of interest in the limit of small ϵ
and ðmZ0=mZÞ2.
In terms of an interaction matrix V, the dark current in

the mass basis is given by
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JμD ¼
Xnþ3

i;j

Vijνiγ
μνj; ð2Þ

where n is the number of heavy neutrino states. Here, ν1;2;3
are the mostly-SM-flavor light neutrinos, and νi≥4 are the
heavy neutrinos that contain small admixtures of SM
flavors. We can express Vij in terms of the mixing matrix
Udi between the mass eigenstates i and dark flavor states d
as Vij ¼

P
d QdU�

diUdj, where the index d runs over all
dark-neutrino flavors νd of Uð1ÞD charge Qd. Assuming
Qd ¼ 1 for all flavors, jVijj ≤ 1 for all i and j due to the
unitarity of the full neutrino mixing matrix. Since we are
not interested in the specifics of the flavor structure of the
full model, we stick with the generic notation of Eq. (2),
noting that experimental constraints require Vij ≪ 1 if
either i or j are in f1; 2; 3g.
We now consider the upscattering of light neutrinos into

one of the n heavy neutrinos states νN , hereafter referred to
as N for brevity, and its subsequent decay into lighter
neutrinos and an eþe− pair. Specifically,

ν̂μ þ A → ðN → νeþe−Þ þ A; ð3Þ
where ν̂μ stands for the coherent superposition of ν1;2;3
produced in the neutrino beam, and ν for all possible
daughter neutrinos. Throughout this work, we consider
only coherent scattering on the nucleus A.

A. Upscattering and decay

The coherent neutrino-nucleus scattering is mediated by
the dark photon with amplitude

MZ0
ups ¼

eϵgD
q2 −m2

Z0
lμhμ; ð4Þ

where q2 is the momentum exchange with the nucleus,
hμ ¼ hAjJμEMjAi is the elastic electromagnetic transition
amplitude for the nuclear ground state of A, and lμ is the
leptonic current

lμ ¼ hNjJμDjν̂μi ¼
P

i≤3U
�
μiViNhNjNγμνijνii

ðPk≤3jUkij2Þ1=2
;

¼ VμNhNjN̄γμνijνii; ð5Þ
where we defined the vertex factor

VαN ≡
P

i≤3U
�
αiViN

ðPk≤3jUkij2Þ1=2
: ð6Þ

In a model with a single dark flavor d ¼ D and one
heavy neutrino N ¼ ν4, one can show that VαN ¼
Uα4jUD4j2 ≃Uα4, which is small and directly constrained
by laboratory experiments. The full cross section is then
computed in the usual fashion. We have implemented a
data-driven Fourier-Bessel parametrization for the nuclear
form factors [62]. An approximate analytic formula for the
full cross section is provided in Sec. II B.

The decay process can be computed similarly, now
summing over the daughter neutrinos incoherently,

jMZ0
decj2 ≡

X
i<N

jVNiMðmiÞj2 ≃ jMð0Þj2
X
i<N

jVNij2; ð7Þ

where we factorize the matrix elements assuming that all
daughter neutrinos have a negligible mass with respect to
mN . We define the remaining vertex factor as

jVN j2 ¼
X
i<N

jViN j2: ð8Þ

As before, for a model with a single dark flavor and one
heavy neutrino, jVN j2 ¼ jUD4j2ð1 − jUD4j2Þ ≃ jUe4j2 þ
jUμ4j2 þ jUτ4j2. Clearly, jVN j2 may be similar in size or
much larger than jVμN j2, depending on the flavor structure
of the model.1 This way, the production cross section is
effectively decoupled from the lifetime of N. This state-
ment is irrelevant for light dark photons (mZ0 < mN), as the
decay is always prompt, rendering most signatures inde-
pendent of jVN j2. However, in MiniBooNE explanations
where N decays via an off shell dark photon, the require-
ment jVN j > jVμN j helps ensure that the production of N,
as well as its decays, happen inside the detector.
We also keep the number of daughter neutrinos unspecified

to effectively cover models whereN does not decay only into
ν1;2;3, but also into other heavy neutrinos νj with 3 < j < N.
In this case,VjN ismainly insensitive to thedirect limits on the
mixing of active and heavy neutrinos, jUα4j2, and can be of
order one. The properties of these new states are rathermodel-
dependent, so we conservatively consider them invisible and
not observable. For simplicity, we require that νj be light
enough such that ðmN −mjÞ=mN ≪ 1. Therefore, we do not
consider scenarios with small mass splittings between the
upscattered and the daughter neutrinos.
The relevant decay rate for a Dirac N with off shell Z0 is

ΓN→νeþe− ¼ ααDϵ
2jVN j2

48π

m5
N

m4
Z0
Lðm2

N=m
2
Z0 Þ; ð9Þ

where LðxÞ¼ 12
x4 ðx− x2

2
− x3

6
−ð1−xÞ log 1

1−xÞ, with Lð0Þ ¼ 1.
For a light, on shell Z0 we need only compute N → νZ0
since Z0 → eþe− is always prompt,

ΓN→νZ0 ¼ αDjVN j2
4

m3
N

m2
Z0

�
1 −

m2
Z0

m2
N

�
2
�
1

2
þm2

Z0

m2
N

�
: ð10Þ

Note that the decay rate is bounded from above and
below by

ΓNðjVN j ¼ jVμN jÞ < ΓN < ΓNðjVN j ¼ 1Þ; ð11Þ

1This was the idea proposed in Ref. [27], where by virtue of
jUτ4j2 ≫ jUμ4j2, the daughter neutrino produced had a significant
admixture of the tau flavor.
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where MiniBooNE explanations prefer to saturate the right-
most inequality whenever mN < mZ0. While for the light Z0
case the lifetimes of both N and Z0 are always prompt, for
the heavy case they are much longer. For instance, taking
jVN j ¼ 1 and mZ0 ¼ 1.25 GeV, we find

cτ0min≃1 cm×

�
10−2

ϵ

�
2
�
100MeV

mN

�
5
�

mZ0

1.25GeV

�
4

: ð12Þ

A diagram of the upscattering and decay processes is
shown in Fig. 1, including the dependence on the new
physics couplings at each vertex.

B. Benchmark points and MiniBooNE

We now comment on the broader context of the
MiniBooNE anomaly and present two choices of model
parameters that will help us benchmark the MiniBooNE
explanation in the context of dark photon models. Despite
being around for over two decades, the MiniBooNE and
LSND anomalies have remained unsolved. Most recently,
the origin of the MiniBooNE excess was recently searched
for in the MicroBooNE experiment [63–66]. As argued in
Ref. [67], the sterile neutrino interpretation, although
disfavored, is not entirely ruled out, and several hypotheses
behind the excess remain untested, including those involv-
ing large νe disappearance [68]. This observation is also
true for explanations that rely on particle misidentification,
such as models with e� ↔ γ or e� ↔ eþe− misidentifi-
cation. Several models exploring this mechanism have been
put forward. However, only a small subset of those can also
explain LSND [40] due to the much harder-to-fake inverse-
beta-decay signature. In that case, a neutral mediator in
neutrino-nucleus scattering processes should kick out a
neutron from inside the carbon nucleus. Not only is this a
negligible effect for a dark photon mediator, but it also
requires larger neutrino energies to produce the heavy
neutrinos and remain above the Ee > 20 MeV analysis
threshold. Therefore, we proceed to present benchmark
points compatible with the MiniBooNE observation only.
Therefore, we proceed to present benchmark points com-
patible with the MiniBooNE observation only (see Table I).
a. Benchmark A, light Z0: Previously, in Ref. [28], we

picked the same benchmark as in Ref. [25] to present
bounds set by the neutrino-electron elastic scattering
measurement performed by MINERνA. Here we would
like to target the low-N mass region of the parameter space.
This part of the parameter space is not constrained very
effectively by MINERνA due to systematic uncertainties in
the background estimate.
b. Benchmark B, heavy Z0: This benchmark is inspired by

the benchmarks provided in Refs. [29,31]. It illustrates the
case of a heavy dark photon, where the coherent upscattering
contribution is not dominant but still significant.
Both choices of parameters above can explain the

MiniBooNE energy spectrum but not the angular spectrum.
The exchange of a dark photon with the nucleus gives rise

to very low-Q2 processes and, therefore, very forward eþe−
final states, making the model in apparent contradiction
with the MiniBooNE observation. Quantifying this tension,
however, is not currently possible due to the lack of public
information on the background systematics in cos θ. Since
systematic uncertainties in the background prediction
dominate the significance of the MiniBooNE excess, a
proper fit should include the systematic uncertainties in the
angular bins and, most importantly, their correlations.
Models with helicity-flipping interactions and heavy

mediators, such as scalar mediator models [40], have a
better chance of describing the angular spectrum. These
also have the advantage of having larger cross sections with
neutrons and being interesting in the context of LSND. Due
to their broader angular spectrum, we expect these models
to have smaller selection efficiencies at T2K than the ones
we find for the dark photon model. We leave the explora-
tion of these models for future work after proper fits to the
MiniBooNE excess have been performed.
It should also be noted that there have been a series of

constraints posed on the model above, from accelerator

FIG. 1. The diagrams for coherent neutrino-nucleus upscatter-
ing (ν̂μA → NA) and heavy neutrino decays (N → νeþe−) are
considered in this work. We indicate the relevant parametrization
of each interaction vertex.

FIG. 2. Comparison between relevant neutrino fluxes and cross
sections. Although MiniBooNE has a much larger mass, ND280
benefits from a significantly larger neutrino flux and higher Z
materials. The solid and dotted lines show the cross section per
atomic mass unit for lead and carbon, respectively. The νeCCQE
cross sections are shown as black lines and the coherent
upscattering cross sections for our heavy dark photon benchmark
(B) as pink lines. When considering all the active material in
ND280 and MiniBooNE we found that the ratio of upscattering
between the two experiments isOð1Þ across the energy spectrum.
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neutrino experiments to kaon decays. We note the study of
Ref. [69], where the authors point out a large set of experi-
mental observables that can be used to constrainMiniBooNE
explanations, among which the ND280 data that we make
use of. In our analysis, we properly take into account detector
effects and systematics, carefully describing the geometry of
the detector, which is an essential ingredient to correctly
determine the bounds on the heavy Z0 case, which are
extremely sensitive to the lifetime of the heavy neutrino.

III. ND280 ANALYSES

ND280 is the off-axis near detector of T2K located at
280 m from the target at an angle of ∼2.042° with respect to
the beam [70]. The mean neutrino energy at this location is
very similar to that of the Booster Neutrino Beam, where
MiniBooNE is located. The comparison of the two fluxes in
Fig. 2 clearly shows that the flux seen by ND280 is
significantly larger than that seen by MiniBooNE for the
same exposure. The activemass, however, ismuch smaller—

MiniBooNE contains a total of 818 t of mineral liquid
scintillator (CH2) compared with 18 t of total active mass.
Considering these two elements, we expect a similar number
of upscattering events to happen in the two detectors,
enabling T2K to directly test the dark neutrino interpretation
of the MiniBooNE excess.
Our analysis reinterprets two public results by T2K: the

search for the in-flight decays of long-lived heavy neutrinos
[41] and the νeCCQE cross section measurement [71]. The
former directly searched for appearing eþe− pairs inside the
low-density region of the detector, while the latter measured
the rate of single photons that convert into eþe− pairs inside
oneof the tracking components of thedetector.Wediscuss the
detector components below to then discuss the two analyses.

A. The ND280 detector

ND280 is a highly segmented and magnetized detector.
The detector modules used in our work are shown in Fig. 3
and constitute most of the active volume of the detector.

FIG. 3. Diagram of the T2K near detector, ND280, showing all the active components of the detector and the new-physics signature
we are interested in. Below, we show the event rate distribution as a function of the upscattering position z before and after geometrical
and analysis selection. For long lifetimes (cτ0 ≳ 1 cm), the event rate is dominated by upscattering on lead, while for much smaller
values, only upscattering on the gaseous argon modules contributes.

EFFICIENTLY EXPLORING MULTIDIMENSIONAL PARAMETER … PHYS. REV. D 107, 035027 (2023)

035027-5



The first three modules constitute the P∅D detector, a
layered arrangement of high-Z material such as lead and
brass, intertwined with plastic scintillators and water bags
that serves both as an electromagnetic calorimeter (ECAL)
and an active water target. This subdetector is specifically
designed to study π0 production and neutrino cross sections
in water, both critical inputs for the oscillation analyses
using the Super-Kamiokande far detector. The first and
third ECALs contain only layers of lead and scintillator
plates. The module in between contains the water bags as
well as layers of brass and scintillator plates. Downstream
we have the tracking modules composed of three gaseous
argon time-projection chambers (GArTPC), separated by
fine-grained scintillator detectors (FGD). These compo-
nents have fewer neutrino interactions and provide a better
environment for particle identification. The whole detector
is in a 0.2 T magnetic field and is surrounded by additional
side and back ECAL as well as side muon detectors.
A detailed description of our detector simulation is outlined
in Appendix C. The dimensions and composition of each
region are summarized in Table II (see Refs. [72–74] for
more information on ND280). In our simulation, we
assume that the lead, brass, water, and scintillator layers
are distributed uniformly inside each module.

Each GArTPC is enclosed in a plastic and aluminum
cage. The cage, in turn, is composed of an external wall
(10.1 kg), an internal volume of CO2 gas, and an internal
wall (6.9 kg). Inside the TPC, on the Y-Z plane, one can
find the cathode (6 kg, made of 34% C, 25% O, 17% Cu,
17% Si). Even though these materials are the closest to the
active volume of the TPC, we neglect them as the total
number of neutrino interactions recorded in them of order
thousand times smaller than in the other targets.

B. Analysis I: Heavy neutrino searches in the GAr TPC

The analysis in [41] looked for the decay in flight (DIF)
of heavy neutrinos inside the three GAr TPCs. Heavy
neutrinos are produced in the target through mixing
between active and sterile neutrinos, and, after propagating
from the target to the detector, they decay in the detector
TPCs. They look for multiple final states, although the
relevant one for our analysis is N → νeþe−, which also
extends to the lowest masses, with a threshold of
mN ∼ 1 MeV. This analysis benefits from a clear signature
with zero background, as the total argon mass is so tiny that
neutrino interactions inside the TPC do not produce a
relevant background. In order to achieve the zero back-
ground, the original selection imposes a tight fiducial
volume cut in the TPC, with a requirement of no additional
visible energy deposition in the detector in addition to the
charged particles produced in the TPC. Our model can be
tested with this analysis because it predicts a large coherent
cross section, resulting in a very low-energy nuclear recoil
that is invisible in these detectors.
This analysis is a counting experiment performed over

12.34 × 1020 proton on target (POT) in neutrino mode and
6.29 × 1020 POT in antineutrino mode. Having observed
zero eþe− events over the neutrino background expectation
of 0.563 in neutrino mode and 0.015 in antineutrino mode,
the analysis sets strong limits on new physics. Limits on
long-lived heavy neutrinos produced in kaon decays at the
target have been discussed in Ref. [41,75].
For dark neutrino models, those can be recast by

considering the production of N via upscattering inside

TABLE I. Parameters of our two benchmark points. These
choices are compatible with the excess of events observed at
MiniBooNE.

Benchmark (A) Light Z0 (B) Heavy Z0

mN (MeV) 100 100
mZ0 (GeV) 0.03 1.25
jVμN j2 8 × 10−9 2.2 × 10−7

αD 1=4 0.4
ϵ 1.7 × 10−4 2 × 10−2

jVN j2 jVμN j2 1

cτ0N (cm) 7 × 10−5 0.54
NT2K

upscattering 15.5 560

NT2K
decay 15.5 4.6

TABLE II. The active and fiducial volume dimensions, mass, and composition of each ND280 module simulated in our analysis. No
fiducial volume is shown for the P∅D because we do not employ this detector for measuring heavy neutrino decays but only for its
production. For the GAr modules, we show the fiducial volume and mass of each TPC, taking ρGAr ¼ 1.78 g=cm3.

ND280 module
Active volume
X × Y × Z [cm] zactivebegin Mactive

tot

Fiducial volume
X × Y × Z [cm] zfiducialbegin Mfiducial

tot composition (in mass)

P0D-ECAL1 210 × 224 × 30.5 0 2.9 6.5% H, 40% C, 53.5% Pb
P0D-water 210 × 224 × 179 30.5 10 10% H, 43% C, 22% O, 16% Cu, 9% Zn
P0D-ECAL2 210 × 224 × 30.4 209.6 2.9 6.5% H, 40% C, 53.5% Pb
GArTPC1 186 × 206 × 78 251 0.016 170 × 196 × 56 256 0.010 100% Ar
FGD1 186 × 186 × 30 343 1.1 175 × 175 × 29 344 0.92 8% H, 88% C, 4% O
GArTPC2 186 × 206 × 78 387 0.016 170 × 196 × 56 256 0.010 100% Ar
FGD2 186 × 186 × 30 480 1.1 175 × 175 × 29 481 0.92 9% H, 50% C, 41% O
GArTPC3 186 × 206 × 78 524 0.016 170 × 196 × 56 256 0.010 100% Ar
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the detector. In particular, we will focus on parameters such
that the lifetimes ofN are not much larger thanOð10Þ m, as
otherwise, these particles would not provide a good fit to
MiniBooNE as well. If N propagates more thanOð15Þ cm,
it can be produced via upscattering in the dense material of
the P∅D, where the cross section is significantly enhanced
due to the coherent scaling with proton number, Z2. It
would then decay into a visible eþe− pair inside one of the

TPCs. This particular signature is present in most of the
interesting parameter space for the heavy-mediator case.
When the lab-frame lifetime becomes shorter than
Oð15Þ cm, the heavy neutrinos produced in the P∅D
decay before entering the TPCs, and therefore the eþe−
are rejected by the selection to avoid large neutrino-induced
backgrounds. Nevertheless, the upscattering can happen
inside the TPCs, where they would be visible. Despite the
relatively small number of targets in the TPC fiducial
volume, a handful of events is enough to constrain the
model due to the absence of backgrounds. Such fast decays
always happen in the light dark photon case (mZ0 < mN),
but it can also happen in regions of large jVN j2 values of the
heavy dark-photon parameter space. Figure 4 shows the
fraction of heavy neutrino decaying in one of the three
TPCs as a function of the proper lifetime, for the case the
upscattering happens in the lead or argon.
To estimate them, we developed a simplified detector

simulation and implemented the analysis selection criteria
on upscattering events generated by our own modified
version of the DarkNews generator [76].
We expect differences in the reconstruction and selection

efficiencies for upscattering with respect to the decay-in-
flight signatures considered in Refs. [41,75]. Figure 5
shows the comparison between standard heavy neutrino

FIG. 4. The geometrical acceptance of ND280 as a function of
the N proper lifetime. For the smallest lifetimes, only argon can
pick up the decays.

FIG. 5. Comparison between standard decay-in-flight N → νeþe− signatures of heavy neutral leptons produced at the target (solid
black) and that of heavy neutrino decays initiated by coherent scattering in a light dark photon (filled blue) and heavy dark photon (filled
orange) model. Histograms are area-normalized. For variable definitions, see Eq. (13).
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signatures and our scattering-induced signatures for both
the heavy and the light mediator case. The reconstruction
efficiency depends on the kinematics of the heavy neutrino
decay products, including the detector capability to sepa-
rate the eþe− tracks as a function of their opening angle and
their distance of closest proximity. While the selection
efficiency relies on the following cuts [see Eq. (13)], which
we implemented in our analysis. No smearing of the
kinematics of the electron and positron has been applied
at this stage.

Eeþe− ≡ Eeþ þ Ee− > 0.150 GeV; ð13aÞ

meþe− ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðpeþ þpe−Þ2

q
<0.7GeV; ð13bÞ

jtj≡ ðEeþe− −pz
eþe−Þ2 − jp⃗T

eþe− j2 < 0.03 GeV2;

ð13cÞ

cos θeþe− ≡ p⃗eþ
_p⃗e−

jp⃗eþjjp⃗e− j
> 0; ð13dÞ

cos θee−beam ≡ pz
eþe−=peþe− > 0.99: ð13eÞ

The efficiency for these cuts is of order 50% for our dark
neutrino BPs. A more complete picture of the efficiency of
these cuts across parameter space is given in Appendix D.
Given that the efficiency in the original standard heavy
neutrino analysis is of the order 10–15%, we applied
an additional 10% efficiency factor to account for
reconstruction effects in a conservative way.
We also perform a sensitivity study by projecting the

status of this analysis by the end of the T2K data taking.
The current analysis could be extended to about 4 × 1021

POTwhich have already been collected by the experiment.
Moreover, ND280 is currently being upgraded to a new
configuration [77]; the P∅D is being replaced by two new
GArTPCs and a Super-FGD module. A future search
postupgrade, looking only at upscattering inside the argon,
could be performed on the three TPCs, plus the two new
TPCs, on a forecast of16 × 1021 POT [78]. This conservative
estimate neglects improvements to reconstruction and back-
ground rejection and a benefit of a tailored analysis for
this model.

C. Analysis II: Photons in the FGD

The second analysis uses the photonlike control sample
of the νeCCQE cross section measurement in the first FGD.
Even though it focuses on a very different measurement, it
can provide an important constraint for our model. The
largest background for this analysis comes from photons
that convert inside of the FGD and for which one of the two
particles has not been reconstructed. In order to better
measure this background, they look at a specific sideband,
selecting eþe− in the FGD in the same way they select

single electrons or positrons for the primary measurement.
The eþe− invariant mass is a helpful quantity for them to
select real photons, and it can be used to constrain the dark
neutrino signal in the case of a light mediator. The Z0 is
produced on shell and decays promptly to an eþe− pair,
which, if reconstructed correctly, shows a peak in the
invariant mass spectrum at mee ¼ mZ0 . Figure 6 shows an
example of the measured mee spectrum We implement the
smearing of momenta and zenith angles using the matrices
provided in Ref. [79]. We consider a flat 10% recon-
struction and selection efficiency, which considers the 30%
efficiency for the νeCCQE analysis, squared to account for
the two leptons.
We also estimate the sensitivity of a projection of this

analysis by expanding to two FGDs, with a larger dataset
and including the SuperFGD after the upgrade.

FIG. 6. The data we are using for Analysis-I (first panel) and
Analysis-II (second panel) in neutrino mode (the plots for the
antineutrino mode case are analogous). Analysis-I is a one-bin
experiment, while Analysis-II is a search for a resonance on the
eþe− invariant mass spectrum. The shaded blue region represents
the expected SM background, while the black points show the
observed data. No event was observed in Analysis-I. Therefore
we display the upper limit at 68% C.L. The blue lines show the
signal we expect to observe for the light Z0 benchmark point but
for a larger ε. The orange line illustrates the signal at the true
level, smeared only by our KDE interpolation. It cannot be
compared with the data but gives a sense of the effect of the
experimental resolution in measuring eþe− pairs in the FGD.
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IV. SIMULATION AND MONTE
CARLO TECHNIQUES

Extended dark sectors like the ones considered in thiswork
typically involve a large number of independent parameters.
This observation poses a challenge from the phenomenology
point of view. Performing inference in this ample parameter
space requires predicting distributions of observables for all
possible choices of parameters. It can be costly and quickly
become unfeasible for more detailed simulations. For this
reason, promptly predicting our signal is crucial to improving
our coverage of themodel parameter space.We apply existing
statistical methods to interpolate model predictions across the
parameter space, allowing the computation of the model
prediction from a single simulated sample. Fast interpolations
of physical predictions across the parameter space have been
discussed in the context of event generators for colliders
[80,81] as well as in fast generators of dark matter direct
detection signatures [82]. These methods, however, rely on
the parametrization of the prediction in terms of analytic
functions. Our technique complements these methods by
deriving a nonparametric estimate of the observables. A
similar approach to the one discussed here has been proposed
for treating nuisance parameters and systematic uncertainties
in IceCube [83]. The IceCube scheme overcomes the curse
of dimensionality of the production of many distinct
Monte Carlo samples, sometimes described as the “multiple
universes” approach. While the IceCube method derives a
nonparametric estimate of the observables as a function of the
nuisance parameters in the neighborhood of the central value,
our method applies to the entire parameter space.

A. General idea

We now present the general idea behind our method. We
can think of a model as a family of probability density
functions (PDF) pðxjθÞ, where θ are the physical param-
eters of the theory over which we want to perform
inference, like masses and couplings, while x are observ-
ables, like particle momenta. The model also predicts a
normalization factor N ðθÞ; not just the observable distri-
bution depends on the parameter, but also the total rate.
Both θ and x are multidimensional, varying from several to
Oð10Þ dimensions.
Inference is performed by computing the expectation

value Eθ½TðxÞ� of a test statistic T for each value of θ. The
typical approach proceeds as follows: (i) start from an
initial definition of a multidimensional grid of a total of m
points in the parameter space θj¼1;…;m, (ii) run a simulation
for each θj, i.e., draw nj samples xi¼1;…;nj ∼ pðxjθjÞ,
(iii) compute the expectation value for each θj as:

Eθj ½TðxÞ� ¼
Xnj
i¼1

wj
iTðxjiÞ; ð14Þ

where wj
i are weights associated with the sampling, such as

importance-sampling weights. Finally, (iv) one eventually

interpolates these values across the parameter space, in
order to predict Eθ̄½TðxÞ� for a θ̄ which has not been
simulated.
While the method above works, our procedure described

next provides a more physical and complete way to
interpolate the expectation. It allows us to rapidly compute
multiple and more complex test statistics, like histograms,
using a single set of samples, i.e., running only one
simulation. We promote θ to a random variable by con-
sidering pðx; θÞ ¼ pðxjθÞN ðθÞqðθÞ where qðθÞ is a prior
over θ, and we sample xi; θi ∼ pðx; θÞ with weights wi, for
i ¼ 1;…; n. Using these samples, we obtain Eθ̄½TðxÞ� by
interpolating across the parameter space using kernel
density estimation,

Eθ̄½TðxÞ� ¼
Xn
i

wiTðxiÞ
wðθ̄; θiÞ
qðθiÞ

¼
X
i

wiTðxiÞ
Kðdðθ̄; θiÞ; δÞ

qðθiÞ
; ð15Þ

where Kðd; δÞ is a kernel function, dðθ̄; θiÞ is a distance in
parameter space, and δ is the bandwidth or smoothing
parameter. By sampling over parameter space, we exploit
the fact that neighbor parameters will produce similar
observable distributions. Using some sampling techniques,
like importance adaptive sampling or Markov Chain
Monte Carlo, this method will guarantee to sample observ-
ables with significant contribution to any test statistic, i.e.,
large weights. However, the adaptation over the parameter
space will also make to sample parameters where they
result in larger weights. The function qðθÞ allows us to
control this effect and skew the distribution of samples
towards our preferences. For example, if performing
inference by conditioning on the posterior, e.g., when
setting limits on a slice of the parameter space, fixing a
subset of the total parameters, and varying the other ones,
we might be in a region where there are no samples, as that
slides contains a small probability with respect to the
total model.
Finally, despite the power of this interpolation, it

introduces some statistical uncertainty related to the finite
sample size. Whenever a close formula for wðθ̄; θiÞ is
present, it is more effective to use that. For this reason, we
split the parameter space into θα, for which a KDEweight is
computed, and θβ, for which the weight is computed using
an analytical formula. This procedure is illustrated in Fig. 7.

B. Application to dark neutrino sectors

We use this framework in the context of the dark neutrino
model discussed in the previous sections. In this model, θ is
a five-dimensional parameter space for the light mediator
case and six-dimensional for the heavy case since jVN j is
only a relevant variable for the latter. More precisely,
θα ¼ fmN;mZ0 g, while θβ;light ¼ fjVμN j2; αD; εg, while
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θβ;heavy ¼ θβ;light ∪ fjVN j2g. The differential cross section
in the observable space x ¼ fΩN;Ωeeg is our pðxjθÞ, as

pðxjθÞ ¼ dσ
dΩ

¼ dσ
dΩN

ðΩN jθÞ
1

ΓðθÞ
dΓ
dΩee

ðΩeejΩN; θÞ; ð16Þ

where ΩN describes the kinematics of the heavy neutrino
and the nuclear recoil, while Ωee describes the kinematics
of the eþe− pair and the final state neutrino. However, since
we are not interested in the incoming neutrino energy,
sampled according to the flux and the degrees of freedom of
the recoil and the final state neutrino, we implicitly
integrate over those variables. Here, Γ is the total decay
width of the heavy neutrino and is given by

ΓðθÞ ¼
Z

dΩee
dΓ
dΩee

ðΩeejΩN; θÞ; ð17Þ

and can be computed analytically using Eqs. (9) and (10)
for the heavy and light scenarios, respectively. Finally, an
essential parameter for the simulation of the events in the
detector is the heavy neutrino lifetime in its rest
frame τ0ðθÞ ¼ ℏ=ΓðθÞ.

C. Monte Carlo event generator

We implemented the physics matrix elements in a
Monte Carlo event generator, and we sample events using
the Vegas Monte Carlo algorithm [84,85] with its Python
implementation [86].
In a typical simulation, we would sample the following

integral

σðθÞ ¼
Z

dΩN
dσ
dΩN

ðΩN jθÞ
Z

dΩee
1

ΓðθÞ
dΓ
dΩee

ðΩeejΩNÞ;

ð18Þ

that we now extend to

Z
dθαqðθαÞ

Z
dΩN

dσ
dΩN

ðΩN jθÞ

×
Z

dΩee
1

ΓðθÞ
dΓ
dΩee

ðΩeejΩNÞ; ð19Þ

where θα ¼ fmN;mZ0 g. We use qðθαÞlight ¼ m2
Z0=m3.5

N and
qðθαÞheavy ¼ m8

Z0=m5
N , designed to provide samples distrib-

uted as uniformly as possible in the fmN;mZ0g plane.
We employ the total number of selected events in a

single-bin analysis as test statistics,

μðθÞ ¼
X
k

nkt × POTdΩN
dσ
dΩN

ðΩN jθÞ

×
1

ΓðθÞ dΩeeðΩeejΩNÞϵðΩeeÞaðΩN;ΓðθÞÞ; ð20Þ

where the cross section has been multiplied by nkt , the
number of targets for each material, indexed by k, and by
the collected beam exposure in terms of protons on target.
We also folded in the selection efficiency ϵðΩeeÞ and
detector acceptance aðΩN;ΓðθÞÞ, which depends on the
kinematics as well as on the lifetime of the heavy neutrino.
Both functions can be computed as multidimensional cuts
on the observables.
By introducing weights for parameters θα and θβ such

that,

Eθ̄½T� ¼
Z

dΩNdΩeeTðxÞ
dσ
dΩN

ðΩN jθ̄Þ
1

Γðθ̄Þ ðΩeejΩNÞ

¼
Xn
i

wiTðxiÞwKDE
i ðθ̄α; θαi Þwσ

i ðθ̄β; θβi Þ; ð21Þ

and by defining ϵðΩee;iÞ ¼ wε
i ðΩee;iÞ, aðΩN;i;ΓðθiÞÞ ¼

wτ0
i ðθi;ΩN;iÞ, and nkit × POT ¼ wnt;POT

i if event i is gen-
erated on material ki, we can rewrite Eq. (20) as a product
of weights,

μðθÞ ≃
Xn
i

wiwKDE
i ðθ̄α; θαi Þwσ

i ðθ̄β; θβi Þ

× wε
i ðΩee;iÞwτ0

i ðθi;ΩN;iÞwnt;POT
i : ð22Þ

For simplicity, we will discuss the method by writing the
expectation for a single-bin analysis, which is the case for
Analysis-I. Binned analyses, like Analysis-II, represent a
trivial extension.

FIG. 7. An illustration of the construction of the posterior
distribution using the kernel density estimator. In one set of axes,
we show the model parameters, θi, and in another, we show the
observable variables, xi. In the vertical axis, we have the posterior
distribution, pðx; θÞ. The black dots represent the samples thrown
in the hyperspace of the model and phase space variables for
which we calculate the posterior pðx; θÞ. The green and red
planes are the support of the KDE, and the lines represent the
posterior as interpolated by the KDE.
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D. Multidimensional reweighting scheme

We now detail the various weights appearing in Eq. (22).
Figure 8 summarizes the different aspects of the reweight-
ing scheme.
a. Cross section KDE weights: The cross-section has a

nontrivial dependence on θα ¼ fmN;mZ0g. We define the
KDE weight as

wKDE
i ðθ̄α; θαi Þ ¼ Kðdðθ̄α; θαi Þ; δÞ=qðθαi Þ: ð23Þ

We studied the accuracy of different kernels, distance
functions, and smoothing parameters by comparing the
interpolation on a benchmark grid with a dedicated, high-
statistics sample for different values of θ. In the rest of
the work, we used the Epanechnikov kernel, a logarithmic
distance, and δ ¼ 0.005 along the direction of both
parameters, in an uncorrelated way.
b. Cross section analytical weights. The upscattering

cross section is proportional to jVμN j2αDðeϵÞ2, as seen by
squaring the amplitude in Eq. (4). We implement a trivial
scaling along with the parameters θβ allowing a quick
reweight of the events in this parameter space. In this case,
we define

wσ
i ðθ̄β; θβi Þ ¼

jVμN j2αDðeϵÞ2
ðjVμN j2αDðeϵÞ2Þi

; ð24Þ

where the parameters θ̄β are fixed in the entire simulation
and so independent of i, but could, in principle, be varied
as well.
c. Reconstruction and selection efficiency weights: We

implemented ϵðΩeeÞ as a function that is 0 for the events
which are not selected and ϵ̄ for the events that are selected.
For Analysis-I, this weight is ϵ̄ ¼ 10% and the selection

follows Eq. (13). For Analysis-II, this weight is a flat ϵ̄ ¼
10% for every event.
d. Lifetime reweighting: This weight applies only to the

heavy case, where lifetimes span multiple orders of
magnitude, while the light case always leads to a prompt
decay (cτ0 ≤ 0.1 cm). In this latter case, we simulate
interactions directly in the fiducial volume. The easiest
way to compute the acceptance for different lifetimes is to
sample a number from the exponential distribution with a
scale parameter equal to the N lab-frame lifetime, propa-
gate N to the detector, and accept or reject the event if the
decay point happens within the TPC fiducial volume.
However, this method has an important drawback as it
produces small effective sample sizes, especially at short
lifetimes, where most interactions from the P∅D will not
make it to the detector. To avoid this issue, we instead
account for the geometrical acceptance by multiplying by a
lifetime weight, which is equal to the integral of the
trajectory within the TPC weighted by the exponential
distribution. The trajectory of the heavy neutrino in the lab
frame in the event i enters and exits each of the three
different TPC at points ðaji ; bjiÞ, where j ¼ 0; 1; 2 is the
TPC index. If the heavy neutrino never enters a given TPC,
we can take both numbers as infinity. For each event, we
can compute ðβγÞi ¼ pi=mN , and given a value of the
lifetime in the proper frame cτ0, the lifetime weight is
computed as

wτ0
i ðθ;ΩNÞ ¼

X
j

Z
bji

aji

ds
ðβγÞicτ0

e−s=ðβγÞicτ0

¼
X
j

ðe−aji =ðβγÞicτ0 − e−b
j
i =ðβγÞicτ0Þ: ð25Þ

e. POT and number of targets weights: Reweighting for
the POT and number of targets is trivial, as it depends only
on these multiplicative factors

wnt;POT
i ¼ nt × POT; ð26Þ

and can be computed on the fly to change the beam
exposure and target material and mass easily.

E. Likelihood evaluation

We compute a Poisson likelihood of the observed data
(Nobs) given the expectation, summing up the expected
background [b and the signal (μðθÞ] across the parameter
space. We account for systematic uncertainties by using
the effective likelihood framework [87], which provides
an analytic formula to marginalize over systematic
uncertainties,

LðθÞ ¼ LeffðθjNobs; bþ μðθÞ; σ2ðb; μðθÞÞÞ; ð27Þ

where

FIG. 8. In order to quickly compute the model prediction across
the parameter space, we implement a set of weights that accounts
for the simulation of the cross section, the kinematics, and
detector effects. By taking the product of all these weights, we
obtain a single weight that can be used to compute the final model
prediction for any observable.
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σ2ðb; μðθÞÞ ¼
X
i

w2
i þ ðbþ μðθÞÞ2 � η2; ð28Þ

accounts for systematic uncertainties. The first addend
accounts for the finite sample size, while the second
includes the analysis systematics (e.g., flux and cross
section), using the fractional systematic uncertainties pub-
lished with the analysis, which are typically close to a flat
20%. This formula can be easily extended to a multibin
analysis by taking the product of the likelihood for each
bin. When combining different analyses, like the TPC
search and the FGD sideband, we simply sum the like-
lihood together. When computing projections, we scale the
signal and the background proportional to the number of
targets and the POT, and we assume Nobs ¼ intðbþ μðθÞÞ,
where intðÞ is just approximating to an integer number.

V. RESULTS AND DISCUSSION

Given that neither analysis observed any excess of events
with respect to the background prediction, they can be used
to constrain the parameter space of the dark neutrino model.
We show our limits for two particular projections in
parameter space; the mN − jUμN j2 plane, describing the
heavy neutrino properties, and the mZ0 − ϵ plane, describ-
ing the dark photon properties. We compute the likelihood
on the plane by summing up the negative log-likelihoods of
the relevant analyses, subtracting the minimum, and tracing
the contour at constant 2.3, which produces regions of
exclusion at 90% C.L. These contours are shown in Fig. 9
for the heavy case and Fig. 10 for the light case. We discuss
the shapes of the excluded regions and the individual
contributions of the different parts of the detector to the
analyses in Appendix E.

FIG. 9. Limits on the dark neutrino model for a scenario with a heavy dark photon, where cτ0N is typically greater than centimeters. The
red star corresponds to benchmark point B. On the left, we show the limits on jVμN j2 as a function of mN and on the right on ϵ as a
function of mZ0 , choosing the remaining parameters according to benchmark (B). The orange-shaded region is excluded by our analysis
using the available T2K data. The red line shows the sensitivity estimate for the analysis based on the T2K data collected during the first
phase, before the ND280 upgrade, while the purple line includes all the data that will be collected by the end of the life of the experiment.
The MiniBoonE region of interest (ROI) is shown as a large green area surrounding the benchmark point in Ref. [29].

FIG. 10. Limits on the dark neutrino model for a scenario with a light dark photon, where N decays are prompt. The red star
corresponds to Benchmark point A. On the left we show the limits on jVμN j2 as a function ofmN formZ0 ¼ 30 MeV and on the right on ϵ
as a function of mZ0 for mN ¼ 100 MeV. The orange shaded region, the red and the purple lines have the same meaning as in Figure 9.
We show the allowed region from Ref. [25] on the left. Limits on the light and visible dark photon have been obtained from Ref. [88].
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Given that no fit of this model to the MiniBooNE data
has been performed for the heavy case, we consider a
region of interest around the benchmark point, while for
the light case, we consider the best-fit region from [25]. For
the heavy case, we also determine model-independent
bounds on the proper decay length cτ0 as a function of
the upscattering rate after selection but before requiring
that the decay happened in the TPC, as shown in Fig. 11.
We derive approximated functional forms for the bounds,
which could easily be applied to other models predicting
similar signatures. More details about the derivation and
the validity of these functional forms are outlined in
Appendix F.
As previously discussed in Ref. [41,75,89], the GAr

time-projection chambers of the T2K near detector,
ND280, provide a powerful probe of long-lived particles.
Visible decays inside the low-density volume of the TPCs,

where neutrino-induced backgrounds are negligible, are
clearly identified. In this work, we showed that the combi-
nation of the high-density material in the P∅D detector with
the low-density TPCs downstream is even more powerful.
The former enhances the production of new particles in
neutrino-nucleus scattering due to the large mass of lead. At
the same time, the latter provides a desirablevolume to search
for charged final states. In addition, themagnetic field allows
for improved identification oflþl− pairs even at the smallest
opening angles and energies.
In Analysis-I, we use an existing, background-free

search for eþe− pairs inside the volume of the TPCs
[41] to set limits on a short-lived heavy neutrino N,
produced in neutrino-nucleus upscattering upstream in
the detector. Having observed zero events, T2K data
strongly constrains these particles as explanations of the
MiniBooNE excess but does not entirely rule them out for

FIG. 11. Top left: The expected number of events in Analysis-I after the full selection as a function of the proper decay length of N,
cτ0, for the heavy Z0 benchmark point. The blue band represents the uncertainty as obtained using Eq. (28). Once we fix all the other
parameters in the model, there is a bijection between cτ0 and jVN j2, as shown on the top x-axis. However, jVN j2 is physical only in the
region allowed by Eq. (11), shaded in orange. Besides very long-lived heavy neutrinos, we exclude most of the physical region. The
minimum decay length we exclude is 0.3 cm, although our model cannot generate such short lifetimes for this combination of
parameters. Top right: The limits on the N decay length as a function of the total number of events after signal selection but before
requiring that N decays in the TPC volume. The region enclosed by the solid lines is excluded at 90% C.L. At first-order approximation,
different mZ0 values result in different event rates without affecting the kinematics of the decay, while different mN values result in
different production thresholds and lab-frame lifetimes, explaining the difference between the different curves. Bottom: Zoom of the
previous plot in the lower-left part of the graph. The dots represent the curves obtained with the analysis, while the dashed lines are the
best-fit values obtained with a simplified model. Although the functional form cannot perfectly fit all the points, it describes the curves
reasonably accurately, providing model-independent constraints which can be applied to models predicting a similar phenomenology.
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sufficiently short lifetimes, cτ0N=mN ≲ 2 cm=GeV. In
Analysis-II, we explored the measurement of single-photon
events in the Fine-Grained Detector [71] to set limits on the
parameter space with the shortest lifetimes of N. Due to the
larger backgrounds and lower event rate, this analysis is not
as sensitive as Analysis-I and therefore does not exclude
allowed regions of parameter space. These limits can be
significantly improved using all T2K-I run data taken up to
2021, as well as with future data that will be taken with the
upgraded ND280 detector and the more intense neutrino
beam at J-PARC.
We note that we have not exhausted the list of models,

having not covered cases with small mass splittings
between N and the daughter neutrinos, scalar mediator
models, and other 2 → 3 scattering signatures involving the
emission of on-shell dark bosons [32–37,90]. We expect
different signal selection efficiencies for these models,
especially those that better fit the MiniBooNE angular
spectrum. We encourage the T2K collaboration to pursue a
dedicated search for all such upscattering signatures,
including the one discussed in this paper, leveraging the
full power of their detector simulation. In particular, we
expect that a complete reconstruction simulation by the
Collaboration overcomes the simplifying assumption in
this work of energy-independent signal efficiencies. We
expect our method to explore the parameter space to prove
even more beneficial in the experimental setup, where it can
reduce the computational cost of full simulations, reducing
the sampling in un-interesting regions of parameter space.
In addition, further public data on the reconstruction
efficiencies as a function of physical observables, like
energies and angles, rather than model parameters, would
be incredibly beneficial to the phenomenology community.

VI. CONCLUSIONS

We have proposed a method to cover multidimensional
model parameter spaces efficiently. We used importance
sampling to sample model parameters and physical observ-
ables to find model predictions for the number of events in a
particular experimental setup. Because both types of
parameters are sampled intelligently, the construction of
the likelihood is fast, flexible, and efficient. We also built a
kernel density estimator to interpolate the likelihood inside
the sampled region of parameter space. The KDE gives us
greater flexibility in hypothesis testing and offers a valuable
product that can be distributed to other users interested in
the model likelihood.
The interpolation is achieved with a single batch of

simulated events and can provide limits in arbitrary slices
of the parameter space. We illustrated the power of this tool
by setting limits on the parameter space of a model of great
interest in neutrino physics, as shown in the four planes of
Figs. 9 and 10. In the context of particle physics experi-
ments, this method will constitute a useful tool for
experimental collaborations and phenomenologists to

explore more complex physical models. In neutrino physics,
with the latest progress in building new phenomenology-
friendly Monte Carlo generators for new physics pro-
cesses [91–93], improving our ability to cover the large-
dimensional parameter spaces of dark sectors will be all the
more relevant.
More technical studies are needed for a quantitative

comparison between the efficiency of our method and
standard grid sampling. Clearly, the choice of a model-
parameter-space sampling method will strongly depend on
the case considered. Nevertheless, one can expect that
adaptive sampling and KDEs will be more advantageous
for complex, smoothly varying, and large-dimensional
parameter spaces. Other future directions include applying
our methodology to searches for new physics outside the
context of short-baseline anomalies. Among models of
interest are higgsed low-scale Uð1Þ symmetries, coannihi-
lating dark matter models, light axionlike particles with
multiple interactions, and flavor-rich models of heavy
neutrinos. In these theories, decay-in-flight signatures of
multiple light dark particles are ubiquitous and require
more efficient exploration methods to be thoroughly tested.
We believe our method can increase the theory reach of
experiments like the Large Hadron Collider, the Short-
Baseline Neutrino program at Fermilab [94,95], atmos-
pheric neutrino experiments like IceCube and KM3NET
[96], as well as future high-intensity long-baseline experi-
ments like DUNE [97] and Hyper-Kamiokande [98].
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APPENDIX A: UV COMPLETIONS

Possible UV completions of Eq. (1) have been discussed
in Refs. [26,29,31]. The general idea is to consider new
fermions νD charged under the new gauge symmetry, which
mix with SM neutrinos upon symmetry breaking. Two
main categories can be identified, depending on the pattern
of the Uð1ÞD breaking. Schematically, they make use of the
following operators,
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ðIÞ∶ ðL̄H̃DÞνD; ðA1Þ

ðIIÞ∶ ðL̄H̃ÞðΦνDÞ: ðA2Þ

The first route requires new SUð2ÞL scalar doublets, HD,
also charged under the dark symmetry. The mixing between
SM neutrinos and the dark leptons νD is then generated by
the expectation value of HD, which breaks the Uð1ÞD,
together with the SM Higgs, also the electroweak sym-
metry. The second method considers instead an SM-singlet
dark scalar Φ, whose expectation value breaks only the
dark symmetry. The main idea is illustrated by the
dimension-six operator in Eq. (A2), which induces a
mixing term between νD and the SM neutrinos after
symmetry breaking. This effective operator can be easily
generated by the exchange of a singlet (sterile) neutrino νs,
which serves as a bridge between the SM and the dark
sector via ðL̄H̃Þνs and νsðνDΦÞ.
Note that in both cases, the dark photon gets a mass from

breaking Uð1ÞD, while the masses of the neutral leptons
and the additional scalar degrees of freedom will depend on
the specifics of the model. The interplay between the
expectation values of the new scalars, Yukawa couplings,
and new arbitrary Majorana mass terms will determine the
coupling vertices Vij in Eq. (2) and should also generate the
correct value for the light neutrino masses. In particular,
both types of model are flexible enough for N to be a
(pseudo-)Dirac or Majorana particle. However, pseudo-
Dirac states are preferred to generate small neutrino masses
due to the approximate conservation of the lepton number.
Any additional fermion in the model can be heavier than a
few GeV, where their interactions with the SM would be
poorly constrained at the values of neutrino mixing we
consider.

APPENDIX B: ANALYTICALAPPROXIMATION
FOR UPSCATTERING CROSS SECTION

For convenience, a crude approximation for the upscat-
tering cross sections above Eν > 1 GeV is given below.
These have been obtained assuming a box function for the
coherent and dipole form factors with cutoffs around the
QCD scale and vector mass, respectively. For upscattering
on nuclei,

σνα→N
coh ≃

jVαhj2ðZeϵÞ2αD
4E2

νm4
Z0

½2ðM4 þ s2Þ − sM2ðx2A þ 4Þ�;

ðB1Þ

where Z is the atomic number of the nucleus with mass M,
xA ¼ 2ΛQCD=A1=3 with ΛQCD from 100 MeV to 200 MeV,
and A the atomic mass number. The dependence of the total
cross section on ΛQCD is stronger for lower energies.

APPENDIX C: DETECTOR DESCRIPTION

We simulate the three subdetectors of ND280: the P∅D,
the two FGDs, and the three GAr TPCs. In Table II, we
report the sizes of the active volume, where upscaterring
occurs, and the fiducial volume, where eþe− pairs are
detected. We also report total active and fiducial mass, as
well as the material composition in mass. We account for
gaps between the detector volumes and report the z
coordinate along the beam axis, where the active or fiducial
volume begins.
Figure 12 shows the 2D distribution density of upscat-

tering vertices along the z and x axes for the heavy Z0 case,
using our benchmark point in parameter space. The three
different sections of the P∅D, the three different TPCs, and
the two FGDs are clearly distinguishable, together with the
gaps between volumes.

FIG. 12. Distribution of the upscattering vertex across the z-x plane, for the heavy Z0 case, using our benchmark point. The color bar
shows the number of upscattering events per bin.
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APPENDIX D: KINEMATICAL SELECTION
EFFICIENCY IN ANALYSIS-I

Figure 13 shows a map of the efficiency for the
kinematical cuts in Eq. (13) as a function of mN and
mZ0 , for the heavy Z0 case in Analysis-I. The distributions
of the kinematical variables and, therefore, the selection
efficiency depend only on these two parameters because all
the others affect only the total upscattering rate or the
lifetime. The efficiency is about 50% for our benchmark
point, and it is independent of mZ0 for large values of mZ0

when mZ0 only determines the total rate, similar to the W
mass in the muon decay. However, it grows to almost 90%
at lower values of mZ0 , while it decreases to ∼20% at larger
mN . While automatically considered when scanning the
parameter space through our procedure, this variation does
not significantly impact the final result.

APPENDIX E: COMPLEMENTARITY OF THE
ND280 SUBDETECTORS

1. Upscattering in the P∅D
and in the GArTPCs

In the heavy mediator case, both the scattering in the
P∅D and the argon contribute significantly to the
constraints, however, in different regions of the parameter
space. Scattering in the gaseous argon is rare because of
the low density, but it is the most powerful component in
constraining the shortest lifetimes since it is where the
fiducial volume of the analysis is contained. Figure 14
shows our constraints, as in Fig. 9, splitting the limits
into the contribution from the GArTPCs and from the
P∅D. Between mN ¼ 0.1 GeV and mN ¼ 0.2 GeV, the
model is very short lived, and all heavy neutrinos
produced in the P∅D decay before reaching the TPCs.
This region is constrained only by prompt decays of
heavy neutrinos produced inside the argon and is, there-
fore, less constrained. In the right plot, we show the dark
photon parameter space, where, despite the larger upscat-
tering rate at smaller Z0 masses, the model cannot be
constrained by the P∅D events due to the short lifetimes.
However, in several regions of parameter space, the
model predicts a significant number of events in the
argon, which allows for a robust exclusion of the largest
values of ε.

2. Upscattering in the FGD
and the GArTPCs

In the light mediator case, we combine Analysis-I
and Analysis-II, considering upscattering happening in
the GArTPCs, for the first case, and in the FGDs, in the
second case. The two analyses contribute similarly to the
limit, as shown in Fig. 15.

FIG. 13. Selection efficiency resulting from the kinematical
cuts in Eq. (13) in Analysis-I for the heavy mediator case, as a
function of the parameter space mZ0–mN .

FIG. 14. Limits for the heavy Z0 case, as shown in Fig. 9, splitting into the two regions where upscattering happens in the GArTPCs or
the P∅D.
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APPENDIX F: FUNCTIOAL FORMS OF THE
MODEL-INDEPENDENT CONSTRAINTS

The bottom plot of Fig. 11 shows two limits; the dots
represent the limits derived through the full analysis,
corresponding to lines of the top right figure, while the
dashed lines show best-fit curves using the well-motivated
functional form,

cτ0min ¼
α½cm�

log10ðevent rateÞ − β
; ðF1Þ

where α and β are free parameters. It can be derived by
assuming a pointlike source of heavy neutrinos decaying
in a detector of size d at a distance z and assuming that
the process happens in one dimension only. The number
of decays in the detector is given by event rate ×
ðe−z=βγcτ0 − e−ðzþdÞ=βγcτ0Þ. We are considering the region
of the smallest lifetimes we exclude, so cτ0 ≪ z, and the
second term of the exponential is negligible. Finally, the
limit is set when the event rate is equal to a constant value
C, so the equation defining the limit can be rewritten as

C ¼ e−z=βγcτ
0

, with α ¼ z=βγ and β ¼ fðCÞ as free param-
eters, with f a certain functional form. It can now be
inverted to obtain Eq. (F1).
The best fit to the different curves accurately describes

the points at small-event rates, underestimating the limit at
smaller lifetimes. As expected, the values of β are roughly
constant, while α varies with mN , roughly in a proportional
way. The reason is that the momentum available in the
heavy neutrino production is constant, so mNβγ is roughly
constant. Combining these two observations, we deduce
that we exclude

cτ0

mN
≳ 1.1 cm
0.1 GeV

1

log10ðevent rateÞ − 0.9
: ðF2Þ

While this functional form is limited and cannot replace the
complete study, it provides a model-independent bench-
mark, which can easily show the size of the constraints
resulting from this analysis for an arbitrary model without
needing a complete analysis.
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