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Abstract

The experimental observation of neutrino oscillations profoundly impacted the physics of neutri-
nos, from being well understood theoretically to requiring new physics beyond the standard model
of particle physics. Indeed, the mystery of neutrino masses implies the presence of new particles
never observed before, often called sterile neutrinos, as they would not undergo standard weak inter-
actions. And while neutrino oscillation measurements entered the precision era, reaching percent-
level precision, many experimental results show significant discrepancies with the standard model,
at baselines much shorter than typical oscillation baselines. Such experimental measurements in-
clude LSND, MiniBooNE, gallium experiments, and reactor antineutrino measurements. These
short baseline anomalies seem to be explainable by the addition of a light sterile neutrino, with mass
in the 1 − 10 eV range. However, this hypothesis is in strong tension with many null experimen-
tal observations. Other explanations that rely on models containing sterile states with masses in the
1 − 500 MeV could resolve the tension. In this thesis, we test both classes of models. On the one
hand, we look for datasets collected at a short baseline which can constrain heavy sterile neutrino
models. We find that the minimal model is fully constrained, but several extensions of this model
could weaken the current constraint and be tested with current and future datasets. On the other
hand, we test the presence of neutrino oscillations at short baselines, induced by a light sterile state,
with the data collected by the MicroBooNE experiment, a liquid argon time projection chamber
specifically designed to resolve the details of each neutrino interaction. We report null results from
both analyses, further constraining the space of possible explanations for the short baseline anoma-
lies. If new physics lies behind the short baseline anomaly puzzle, it is definitely not described by a
simple model.
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0
Prologue

It is astonishing that all the complex structures we observe in nature, from stars and galaxies to

living organisms and molecules, emerge from the same underlying elementary pieces: the quarks up

and down, and the electron. It is through their fundamental interactions that these three particles

can combine together, giving rise to an exponentially large amount of combinations and possibil-

ities. This is what particle physics is about: understanding nature at its fundamental level. Particle
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physics is often referred to as high energy physics, because large energies correspond to small scales,

which, in turn, require experiments at high energy to be investigated. Among the elementary parti-

cles there is one more type: the elusive neutrino. Since neutrinos only undergo the weak interaction,

it does not bind with the other particles, and its probability of interacting with matter is very small

for the typical energies of neutrinos around the Earth, which made it difficult to discover, and makes

it both hard to study and unknown to most people.

However, neutrinos have brought many surprises over the past few decades. For example, we

know they come in three distinct types, or flavors, and that their interaction violates symmetries un-

der parity and charge conjugations, which are instead respected by other forces. More importantly,

neutrinos were first theorized as massless particles because of the lack of experimental evidence. We

now know neutrinos are massive because the three flavors mix among each other. This discovery

represents a crack into the standard model of particle physics, which requires the existence of new

physics and additional particles to be explained. Moreover, in a moment in which most measure-

ments performed in the lab agree with the theoretical predictions, several neutrino experiments

report disagreements. These discrepant experimental results are often referred to as short baseline

anomalies, and form a truly unclear puzzle, which might hide new physics discoveries.

Such motivations are what pushed me to pursue research in neutrino physics as a Ph.D. student.

This thesis represents the summary and the completion of the work I performed between 2017 and

2022. All the original work in this thesis has been either published in peer-reviewed journals or is

currently under review. The work is not organized in chronological order but rather in a logical

order, hoping that the reader would agree with the rationale behind this scheme.

Part I sets the background for the thesis work, introducing the current understanding of neutri-

nos and the theoretical and experimental motivations that justify the search for new particles. While

it does not contain any original work, I explained the physics in my preferred way and included all

the insights I find effective in understanding neutrinos. Although I started working on short base-
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line anomalies five years ago, I described the theoretical and experimental status at the time of writ-

ing the thesis. I want to acknowledge, however, that several things have changed, and new insights

were brought in by both the experimental and theoretical communities.

Part II contains some more phenomenological work I performed, considering possible solutions

to the short baseline anomalies in terms of heavy sterile neutrino models and looking for datasets

and experiments that could test them. Chapter 4 is adapted from 1, which was published in Physi-

cal Review D. Chapter 5 is adapted from 2, which is currently under review in Physical Review X.

Both works have been performed together with Matheus Hostert and Carlos Argüelles-Delgado.

Together with testing physical models, we also developed a new statistical approach to test models

in an ample parameter space, which explains why, although started a year before the first paper, the

second was made public only recently.

Part III summarizes most of my contribution in the MicroBooNE collaboration. I joined Mi-

croBooNE in 2018 and have been an active member until the electron neutrino search was finalized

and published. Chapter 6 introduces the MicroBooNE experiment, describing the most impor-

tant features relevant to this thesis. Chapter 7 describes how particles are measured and identified

in MicroBooNE. A large chunk of the chapter is adapted from 3, published in the Journal of High

Energy Physics, which describes a new method to improve the identification of track-like particles in

MicroBooNE substantially. This new methodology was not only essential for the electron neutrino

searches I was directly involved in, but it is also the basis of many detailed cross-section measure-

ments published by MicroBooNE. The rest of the chapter complements the paper and describes

other unpublished work. Chapter 8 and chapter 9 are adapted from and expand the electron neu-

trino search published in 4,5, in Physical Review Letters and Physical Review D, respectively.
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Part I

Active and Sterile Neutrinos
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I admit that my remedy may seem almost improbable be-

cause one probably would have seen those neutrons, if they

exist, for a long time. But nothing ventured, nothing gained,

and the seriousness of the situation, due to the continuous

structure of the beta spectrum, is illuminated by a remark of

my honored predecessor, Mr Debye, who told me recently in

Bruxelles: ”Oh, It’s better not to think about this at all, like

new taxes.” Therefore one should seriously discuss every way of

rescue. Thus, dear radioactive people, scrutinize and judge.

Wolfgang Pauli, Dear Radioactive Ladies and Gentlemen 6

1
Neutrinos within the Standard Model

Neutrino, literally the ”little neutral one,” is the Italian diminutive of neu-

tral. This name, born during conversations at the Institute of Physics of Via Panisperna in Rome,

was introduced in the scientific language by Enrico Fermi. He used it for the first time during con-

ferences in 1932 and 1933. It indicated, and still does, an almost massless and almost invisible ele-

mentary particle, which took twenty-five years to be discovered from its first theoretical proposal in

5



1930.

Neutrino physics is now a well-established field of particle physics, with tens of experiments run-

ning worldwide and thousands of physicists working on the theory, the experiments, and the inter-

pretation of the data. We now review some of the most salient aspects of the history of neutrinos*,

the current understanding of the physics of neutrinos, and its current limitations.

1.1 A brief history of the physics of neutrinos

Back in 1930, before the neutron was even discovered, protons and electrons were the only estab-

lished particles. At that point, Wolfgang Pauli proposed 6 the existence of a new, basically invisible

particle to explain the apparent non-conservation of energy and angular momentum of nuclear beta

decays†. Indeed, suppose a beta decay was simply a two-body decay. In that case, the electron en-

ergy should always be at the same well-defined value, while the total angular momentum would be

missing half a unit, impossible to compensate with orbital angular momentum, which is also how

we experimentally know that neutrinos are spin-1/2 fermions. Fermi incorporated the neutrino

in its theory of beta decay 8, modeling weak forces through a point-like interaction between four

fermions: proton, neutron, electron, and neutrino. It become clear that the interaction constant

GF = 1.166 × 10−5 GeV−2 was too small to hope to ever measure neutrinos, justifying the word

weak for these interactions. About twenty-five years later, in 1956, Reines and Cowan finally mea-

sured anti-neutrinos produced by the reactor at Savannah River 9, observing inverse beta decay for

the first time. This technology will be the protagonist of several experiments in neutrino physics. In

the same year, the most fundamental aspects of the weak interactions started to be unveiled. With

*This historical excursus is far from being complete, and highlights some of the aspects that the author
finds more exciting and undervalued.

†Pauli named this particle neutron, which was supposed to explain these phenomena and be the actual
neutron. When Chadwick discovered the actual neutron 7, it was clear that its mass was too large to be also
the actual neutrino, but the hypothesis was not discarded, instead picked up by Fermi.
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one of the experiments that would later become a cornerstone of particle physics, Chien-Shiung

Wu demonstrated that beta decay violates parity as a symmetry of nature 10, established instead in

electromagnetic and strong interactions. The final decay products, namely the electron and the

unobserved neutrino, would be emitted primarily in the preferential direction of the spin of the par-

ent nucleus, thus breaking the reflection symmetry. Just a year after, through a careful experiment

involving several decays of isotopes, Maurice Goldhaber determined that beta decay also violates

charge conjugation 11. His experiment measured the helicity of neutrinos by measuring the other

spins in the decay and assuming angular momentum. He observed about five-hundred decays con-

taining left-handed neutrinos and not a single right-handed neutrino, concluding that all neutrinos

are left-handed.‡ These fundamental ingredients eventually led to the first formulation of the Stan-

dard Model (SM) in the seminal paper by Weinberg in 1967 12. Weak interactions are mediated by

the heavy W and Z bosons, and only states with left-chirality can interact with the W boson, ex-

plaining the previous observations of Wu and Goldhaber. The fact that the four-fermion theory was

only a low-energy approximation was already evident. While the calculations were accurate for small

momentum transferred, amplitudes diverge at energies ∼ 100 GeV. The new theory cured the diver-

gent calculations through the on-shell production of the W boson. And indeed, this made it clear

why weak interactions are weak: the Fermi constant

GF =

√
2

8
g2

M2
W

(1.1)

is small not because the coupling constant g is small, its actual value is ∼ 0.65, but rather because

MW is large. This reasoning also explains why the passage of neutrinos through matter differs sig-

nificantly from that of charge leptons. While electromagnetic interactions at low momentum trans-

‡I always wonder what the same paper, published these days instead, would look like. It would probably
contain exclusion regions in the parameter space of different models predicting the production of right-
handed neutrinos...
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ferred are favorable because the cross section diverges, the converse is true for neutrinos, making

them impossible to slow down in a controlled way.

In the following decades scientists learned that neutrinos are not all equal, rather they come in

three different flavors, which are associated with the three leptons: electron, muon, and tau. While

the muon neutrino was discovered in 1962 at the AGS experiment at Brookhaven 13, it was only in

the new millennium that the tau neutrino was finally observed by the DONUT collaboration 14.

However, by the early 90s it was already well understood that three different flavors of neutrinos

existed. Precision measurements of the Z resonance carried out at the Large Electron Positron (LEP)

collider showed that its invisible width is compatible only with three active light§ neutrinos 15.

While the SM looks beautifully elegant, as we will discuss in section 1.2, this was not the end of

the story. In those years, Ray Davis, who previously attempted measuring neutrinos, performed

the first measurements of the solar neutrino flux 16 in what would be called the ”Homestake ex-

periment,” set in the dismissed Homestake goldmine, finding a discrepancy with the theoretical

prediction 17 of a factor larger than two. It took almost twenty years to solve the solar neutrino

problem, proving that neutrinos change flavor as they travel and establishing neutrino oscillations.

In the 90s, the Super-Kamioka Neutrino Detection Experiment (Super-Kamiokande) observed a

zenith-dependent deficit of atmospheric muon neutrinos 18: the rate of neutrinos coming from be-

low, which traveled through the entire Earth, was smaller than the rate of neutrinos coming from

right above the experiment, which only traveled through the atmosphere. This result brought the

first clear evidence for neutrino oscillations: neutrinos which traveled a longer distance, must have

changed flavor along the way, explaining the observed discrepancy. While dedicated solar neutrino

experiments confirmed Davis’ measurements 19,20, it was not until Sudbury Neutrino Observatory

measured the flavor-agnostic neutral current rate 21 that the battle was settled. The neutral current

§Active because they need to undergo weak interaction, otherwise the Z boson could not decay into the,
and lighter than half of the Z mass, otherwise the decay would be kinematically forbidden.
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rate agreed with the theoretical calculation of the solar neutrino flux, while the rate of charged cur-

rent electron neutrino interactions agreed with Ray Davis’ measurement. It turned out that the

solar neutrino flux predictions and Ray Davis’ measurements were both correct. What was miss-

ing was that neutrinos can change flavour while traveling from the core of the Sun to the detector

on the Earth. The solar neutrino puzzle brought to the discovery of neutrino oscillations, which,

in turn, require massive neutrinos. In fact, massless neutrinos could not mix with each other, im-

plying the conservation of the neutrino flavor, which is explicitly violated by neutrino oscillations.

However, oscillations can only reveal the differences between the squares of the values of the masses,

because this combination appears in the oscillation frequency. The last twenty years of history have

been devoted to understanding the nature of this mass, which was not included in the first formu-

lation of the SM and does not have a unique and straightforward interpretation. Experiments have

measured the mass mixing parameters, set limits on the absolute scale of the neutrino mass, tried to

determine the ordering of the neutrino mass states, and looked for evidence for the nature of the

neutrino mass (Dirac or Majorana). Recent neutrino physics was devoted to search for more com-

pelling and direct evidence of BSM physics through measurements of deviations from the SM and

direct searches of additional neutrino states.

1.2 The theory of neutrinos

Neutrinos are an essential ingredient of the SM, the theory that describes our current understand-

ing of elementary particles and fundamental forces. Although they were first introduced as mass-

less states with left chirality only, explaining neutrino masses requires some additional ingredients,

thus pointing to physics Beyond the Standard Model (BSM). However, because neutrino masses

are small and their effect is tiny, all current aspects of neutrino physics can be embedded in the SM

through an effective field theory (EFT) approach. What is still unclear is the completion of this EFT
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and what lies beyond some of the still unclear experimental results in neutrino physics, like short

baseline anomalies, as discussed in chapter 2.

The rest of the chapter is not an overview of neutrino physics and phenomenology: the careful

reader is welcome to refer to 22,23.

Zooming in the Standard Model

The SM of particle physics is a Quantum Field Theory (QFT) that describes nature at its most fun-

damental level. It incorporates electromagnetism, the weak and strong nuclear forces. Like classical

electromagnetism, the SM is a gauge theory, meaning that the Lagrangian is invariant under local

transformations. These transformations are generated by the group SU(3)C × SU(2)L × U(1)Y,

where C stands for color, the charge of the strong force, L stands for left, because the weak force

involves only fields with left chirality, and Y refers to the hypercharge. The global versions of these

transformations are fundamental symmetries resulting in conserved currents to which the gauge

bosons couple. The local transformations express the redundancy of the description adopted in

QFT: in order to use a manifestly Lorentz covariant description, meaning that the laws of physics

have the same form in every reference system, we need to use four-vectors and four-tensors, with

more degrees of freedom than the physical ones. For example, although the electromagnetic field

has two degrees of freedom (polarizations), we describe it with a four-vector, which has four compo-

nents. Gauge redundancy expresses the equivalence between different gauges or descriptions. In this

theory, eight gluons mediate the strong force, three weak bosons responsible for the weak force, and

one boson for the hypercharge. The other particles in the SM are spin-1/2 fermions. The charged

leptons and the neutrinos, called leptons, interact only through the electroweak force, while the

various quarks, called hadrons, also experience the strong force. The left-chiral parts of the charged

leptons (ℓ) and the neutrino (ν) are arranged into LL, a doublet of SU(2)L that transforms in the

fundamental representation, while the charged lepton part with right-chirality ℓR is a singlet of

10



Figure 1.1: The fundamental particles in the Standard Model are illustrated in this artistic cartoon.

SU(2)L. Similarly, the left-chiral parts of the quarks (u and d) are arranged into the doublet QL,

while the right-chiral parts, uR and dR, are singlets.

All quarks transform in the fundamental representation of SU(3)C, while leptons are singlets. To

complete the charge assignment, as shown in table 1.1, hypercharge values are obtained by requir-

ing anomalies to cancel to keep the theory gauge invariant at the quantum level. All fermions are

repeated in three copies (like the electron, muon, and tau), called generations, with identical proper-

ties but different masses, making only the first and lightest generation stable. This theory does not

include any right-chiral neutrino because of the lack of experimental evidence of such fields, for ex-

ample, as seen in the Goldhaber experiment. Even if such fields existed, they would not be detectable
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QL = (uL, dL) uR dR LL = (νL, ℓL) ℓR G W B H
SU(3)C 3 3 3 1 1 8 1 1 1
SU(2)L 2 1 1 2 1 1 3 1 2
I3 (1/2, -1/2) 0 0 (1/2, -1/2) 0 0 (1, 0, -1) 0 (1/2, -1/2)
U(1)Y 1/3 4/3 -2/3 -1 -2 0 0 0 1
U(1)em (2/3, -1/3) 2/3 -1/3 (0,-1) -1 0 (1, 0, -1) 0 (1, 0)

Table 1.1: Charge assignment of all the fields in the Standard Model. For SU(3)C and SU(2)L, we indicate the dimen‐
sion of the representation under which the fields transform, while forU(1)Y, we show the charge. The electromag‐
netic charge, that generates transformations underU(1)EM, is obtained through the Gell‐Mann–Nishijima formula as
QEM = I3 + Y/2, where I3 is ”the third component” of the weak isospin, i.e.the analogous ofm if these were normal
spins. For example, I3 = 1 for νL, resulting inQEM(νL) = 0, and I3 = −1 for ℓL, resulting inQEM(ℓL) = −1.

since neutrinos only interact through SU(2)L.

This theory so far would not be able to explain the massive gauge bosons and the fermion masses,

as mass terms would not be gauge invariant. The Higgs mechanism explains masses through elec-

troweak spontaneous symmetry breaking (SSB). The Higgs field H, a complex scalar that transforms

as a doublet of SU(2)L, is included with a Mexican-hat-like potential. SU(2)L × U(1)Y is spon-

taneously broken when the Higgs field acquires a vacuum expectation value (vev) v ∼ 247 GeV.

The remaining symmetry is the electromagnetic U(1)EM, and a combination of the weak charge and

the hypercharge results in the conserved electromagnetic charge. Three out of the four degrees of

freedom of H are absorbed by the broken generators, becoming their longitudinal parts and turn-

ing the massless weak and hypercharge bosons into the massive Z and W bosons. Mass terms for

the fermions arise thanks to the Yukawa interactions between the Higgs field and the fermions.

However, because no right-chiral neutrino is present, this theory does not include neutrino masses,

leaving this question for the next section.

The SM also includes some accidental global symmetries, meaning they emerge without requir-

ing the theory to respect them. The baryon number B, which is the total number of quarks minus

anti-quarks, and the lepton number L, which is the total number of leptons minus anti-leptons,

are conserved quantities at tree level. While B and L are only conserved at the tree level, and broken
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at the quantum level, interestingly, the combination B − L is anomaly-free; thus, many scientists

speculated it might be an additional fundamental symmetry of nature. This statement is supported

by quantum gravity conjectures that forbid global symmetries, suggesting that it is either gauged,

meaning there is a gauge boson associated with it, or broken by some new physics at a larger scale.

Lepton flavor is another accidental symmetry of the SM: meaning that the lepton number is con-

served separately for each flavor. It turns out that neutrino masses explicitly break this conservation

law through phenomena like neutrino oscillations and neutrino decay.

The mystery of neutrino masses

We described the SM without including mass terms for the neutrinos. Indeed, until the ”recent”

discovery of neutrino oscillations, there was no evidence of neutrino masses. We now discuss the

general ideas to include massive neutrinos in the SM and the implications for future experiments

trying to test them.

We can introduce neutrino masses Mαβ in an EFT fashion by considering the so-called Weinberg

operator 24,25:

OWeinberg =
yαβ
Λ

(Lc
αH̃∗)(H̃†Lβ) → MαβνcL,ανL,β with Mαβ =

yαβv2
√

2Λ
, (1.2)

where yαβ is an arbitrary matrix of coefficients, α, and β are flavor indices, and Λ is the scale that

suppresses this dim-5 operator, where we expect this description to fail and new physics to appear.

Lc = CLT is the charge conjugated spinor, where C = iγ2γ0 in the Dirac and Weyl representa-

tions. Notably, the Weinberg operator is the only gauge-invariant dim-5 operator allowed in the

SM, corroborating the evidence that neutrino masses point towards BSM physics. This mass term

has a Majorana nature: contrary to the other SM fermions, the mass term mixes the neutrino with

its charged conjugate spinor. The consequence is that neutrinos and neutrinos are simply related by
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flipping the helicity: therefore lepton number cannot be conserved. Indeed, the Weinberg operator

breaks L and B − L explicitly. While these are accidental symmetries of the SM, one might argue

that it is technically natural that the coefficients yαβ should be small, as they restore these symme-

tries in the limit in which they vanish. In fact, if the coefficients yαβ are O(1), and mν ∼ 0.1 eV,

we need Λ ∼ 1014 GeV, making yet another hopeless prediction to test. The dim-5 Weinberg op-

erator can be completed in many different ways by introducing additional particles. The tree-level

completions are called seesaw mechanisms, and we will discuss them in more detail in section 3.1.

Radiative neutrino masses, which generate neutrino masses at loop level, have also been considered

in the literature 26,27.

However, there are other solutions: neutrinos masses might be of Dirac nature. If right-handed

neutrinos exist, their masses could be generated in the same way as the other fermions in the SM:

Lν−mass ⊃ναRi/∂ν
α
R − yναβ(LαH̃)νβR − (yναβ)

∗νβR(H̃
TLα) (1.3)

=⇒ ναRi/∂ν
α
R − yναβ

v√
2
ναLν

β
R − (yναβ)

∗ v√
2
νβRν

α
L, (1.4)

where νR are the right-handed fields, which are completely uncharged under the SM, and would

therefore be impossible to detect. However, they also admit a Majorana mass term

Lν−mass ⊃ −MαβνcR
ανβR, (1.5)

where the scale Mαβ is completely unrelated to the EW scale and can assume any value as far as we

know. There are now several scenarios. If νR is assigned a lepton number, similarly to the Majorana

case, we can require Mαβ to be small to restore the conservation of L and B − L. We can then ex-

plain neutrino masses with a basic Higgs mechanism, requiring Yukawa terms of the order of 10−12,

which would be theoretically very small and significantly smaller than the other Yukawa coefficients.

14



A second option is not to assign a lepton number to νR. In this case, the Yukawa interaction term

explicitly breaks L and B − L. Mαβ can be arbitrarily large, and the difference in scales between Mαβ

and v could explain the smallness of the neutrino masses. This mechanism is called Type-I seesaw 28

and turns out to be the most straightforward tree-level completion of the Weinberg operator. An-

other option is that B− L is gauged and spontaneously broken at a scale vB−L
29

L B−L ∼ yB−LϕB−Lν
c
RνR =⇒ yB−LvB−LνcRνR, (1.6)

where ϕB−L is the gauge boson of the B − L force, yB−L is a coupling constant, and vB−L is the vev

acquired by field ϕB−L, which would generate M ∼ yB−LvB−L.

These are only some of the options to generate neutrino masses. Most of them, like the Dirac

mass we discussed earlier, requires the presence of new fields, typically called sterile neutrinos, as

they would not interact through the weak force.

Experimental tests of the nature of neutrino masses are complex. Any experiment trying to test

the Majorana nature of neutrino mass requires observing lepton number violations, which is thus

suppressed by (mν/E)2 for ultrarelativistic neutrinos. Given that all neutrinos are produced ul-

trarelativistic, and we cannot slow them down in a controlled way, any experiment that tries to be

sensitive to neutrino masses needs to confront this small factor. The current most promising road

is the search for neutrinoless double beta decay in nuclei that undergo double beta decay 30. If neu-

trinos are Majorana in nature, the two neutrinos produced in double-β decay could annihilate and

never leave the nucleus. Another idea would appear in the so-called neutrino-antineutrino oscilla-

tions. For Majorana neutrinos, the mass term could flip the helicity of the neutrino, turning it into

an antineutrino. Therefore, an antineutrino produced with a lepton could turn to a neutrino while

propagating and produce another lepton in the final state when re-interacting through the weak
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interaction. The process

W− → νℓ− → νℓ− → W+ℓ−ℓ− (1.7)

violates lepton number by two units, and would still be suppressed by

(mν/E)2 ∼ (0.1 eV/500 KeV)2 ∼ 2 × 10−19. (1.8)

On the other hand, a Dirac mass term would flip a neutrino to its right-handed partner, which can-

not interact through weak interaction and thus would not be detectable.

Lastly, independently of the mechanism behind neutrino masses, there is no reason why we

should expect Mαβ to be diagonal, and this is what is in fact happening. Therefore, neutrino masses

explicitly break lepton flavor conservation and allow the conversion between different generations.

This mechanism is the basis of neutrino mixing, which find its largest experimental evidence in neu-

trino oscillations.

Neutrino mixing

The three neutrino states can be described in two different interesting bases: the flavor and mass

bases. The flavor basis that we have used so far, is the most natural one, because, in case of massless

neutrinos, it would be the only relevant one. In the flavor basis the weak interaction term is diago-

nal:

Lweak interaction ⊃
∑

α=e,μ,τ
ℓα /W

1 − γ5
2

να + h.c., (1.9)

where 1−γ5
2 is the projector on the left-chiral state, and νe, νμ, and ντ are the states produced or de-

tected through the weak interaction. However, any mass term would result in a mass matrix Mαβ,

like in eq. (1.2), which is generally nondiagonal in flavor basis. It can be diagonalized with a rota-
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tion¶ defined by the unitary matrix UPMNS, the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) ma-

trix 31,32, also called lepton-mixing matrix, giving origin to the mass basis vi=1,2,3:


νe

νμ

ντ

 = UPMNS ×


ν1

ν2

ν3

 . (1.10)

Not all the nine complex entries of this matrix are independent: analogously to the quark mixing

case, we can describe the matrix with three angles and one complex phase. In the Majorana case,

there are fewer fermions we can re-phase, leaving two additional phases as free parameters. How-

ever, in contrast with the hadronic case, there is no hierarchy in the magnitude of the mixing matrix

elements. For this reason, the typical parametrization is:

UPMNS =


1 0 0

0 c23 s23

0 −s23 c23

×


c13 0 s13e−iδ

0 1 0

−s13eiδ 0 c13

×


c12 s12 0

−s12 c12 0

0 0 1

×


1 0 0

0 eiα2/2 0

0 0 eiα3/2

 ,

(1.11)

where cij = cos θij and sij = sin θij, δ is the phase, and α2 and α3 can be different from zero only

for Majorana neutrinos. Neutrino oscillations are the most powerful tool to measure these mixing

parameters, as we will discuss in detail in the next paragraph.

¶This procedure, which is analogous to the Cabibbo-Kobayashi-Maskawa (CKM) matrix, is a little more
complex than discussed here. It differs slightly between the Majorana case, where M is a complex symmetric
matrix, and the Dirac case, where M is diagonalized by its singular value decomposition. In this latter case, νL
and νR can be rotated independently.
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1.3 The phenomenology of neutrinos

Despite their rare and weak interactions, several physical phenomena are currently studied in physics

laboratories. Many experiments are measuring neutrino oscillations, the footprints of neutrino

mixing, in many different contexts: we will discuss this phenomenon in detail as it is relevant for

this thesis, especially as a tool to possibly discover additional types of neutrinos. On the other hand,

the quest for observing neutrinoless double beta decay (0νββ), the holy grail for discovering the

Majorana nature of neutrinos, has been ongoing for tens of years, setting more and more stringent

limits. At the same time, careful measurements of beta decay try to see the small effect of neutrino

masses in a deformation of the beta decay spectrum, slowly becoming sensitive to the sub-eV mass

region. This question is closely related to the mass ordering question, often called ”normal hierarchy

or inverted hierarchy?”. Indeed, the measurements of the mass splittings leave doubts on which

neutrinos are the heaviest and lightest. Moreover, the nucleus-neutrino interactions are essential to

analyze oscillation experiments’ data properly: we will provide an overview in section 8.1.

Neutrino oscillations

There are many similarities between the mixing among generations in the quark and the lepton sec-

tor. However, there is one crucial difference: the quarks we talk about are mass eigenstates, while we

always refer to neutrinos in the flavor basis. The reason is that we can only produce and detect neu-

trinos through the weak interaction. While the case of neutral current (NC) interactions, mediated

by the Z boson, is basis agnostic as it is proportional to the identity matrix, charged current (CC)

interactions, mediated by the W boson, differ by flavor. A typical neutrino experiment will look like

the cartoon in fig. 1.2. A neutrino is produced through a CC interaction, propagates along some

distance, and is detected through another CC interaction. The flavor of the neutrino at production

(α) and detection (β) is determined by the lepton’s flavor in the interaction. We can summarize it
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Figure 1.2: Neutrino oscillations happen when a neutrino, produced through weak interaction with flavor α determined
by the associated lepton, propagates for a certain distance and is detected, resulting in a lepton of different flavor β.

with the process

W+ → l+α να → propagation → l+α νβ → l+α l
−
β W

+, (1.12)

with a final-state pair l+α l−β. If the PMNS matrix were equal to the identity, then α = β always.

However, because of the mixing, the initial state |ψ(t = 0)⟩ = |να⟩ undergoes a non trivial temporal

evolution. The different mass states present in the flavor state |ψ(0)⟩ =
∑3

i=1 Uαi |νi⟩ gain different

phases while propagating |ψ(t)⟩ =
∑3

i=1 e
iϕi(t)Uαi |νi⟩, resulting in a different state at detection

|ψ(t)⟩ ̸= |ψ(t = 0)⟩, which has overlap with the other flavor states
〈
νβ
∣∣ψ(t)〉 ̸= 0. The probability

of transition between states α and β, after propagating for a length L, in vacuum, at energy E is given

by:

P(να → νβ) =|
〈
νβ
∣∣ψ(t)〉 |2 (1.13)

=
∑
i,j

U∗
αiUαjUβjU∗

βi exp

(
i

Δm2
ijL

2E

)
= (1.14)

=δαβ − 4
∑
i>j

Re
(
U∗
αiUαjUβiU∗

βj

)
sin2

(
Δm2

ijL
4E

)
(1.15)

− 2
∑
i>j

Im
(
U∗
αiUαjUβiU∗

βj

)
sin

(
Δm2

ijL
2E

)
, (1.16)

where U is the PMNS matrix and Δm2
ij = m2

i − m2
j is the difference between the square of the

mass of νi and νj. If Δm2
ij L/E ≪ 1 for a given i, j, then the contribution from Δm2

ij to oscillation is
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negligible. In the opposite limit, Δm2
ij L/E ≫ 1, oscillations are still allowed, but they average to 1/2

because of energy and distance resolution.

A handy formula for the oscillation phase can be obtained by turning it from natural units to

typical experimental units:

ϕosc = 1.27
Δm2

eV2
L

km
GeV
E

, (1.17)

where 1.27 is unitless.

Often, the oscillation problem can be approximated as a two-states case, for example, when the

experiment is sensitive to only one value of Δm2. The typical situation is when Δm2
ij L/E ∼ 1 for

one specific combination of i, j, while Δm2
ij L/E ≪ or ≫ 1 for all the other values. In this case, the

formula reduces to

P(να → νβ) =

∣∣∣∣∣δαβ − sin2 2θαβ sin2

(
Δm2

ijL
4E

)∣∣∣∣∣ , (1.18)

where θαβ is an effective mixing angle for the specific values of α, β, i, j. This formula is helpful in

a variety of contexts. For example, it is appropriate for atmospheric oscillations between νμ and ντ,

and for solar oscillations between νe and a superposition of νμ and ντ. These approximations are

justified by the fact that sin2 θ13 is much smaller with respect to the other mixing angles and because

two of the three mass states are almost degenerate because of the hierarchy between mass splittings.

A third case where this formula is helpful is central for this thesis: oscillations at shorter baseline

induced by a fourth neutrino with Δm2
41 ≫ Δm2

12,23,13. Oscillations are induced between the

light states and the sterile state at a single frequency dictated by Δm2
41. We discuss this case in greater

detail in section 3.3.

The oscillation formula in eq. (1.13) is often obtained with an approximate derivation based on

plane waves. While leading to the correct answer, this derivation is intrinsically problematic because

plane-wave states have infinite uncertainty on the position, implying that the probability of being

detected in the experiment would be zero. A proper derivation, based on the internal wave packet
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approach 33 or more sophisticated treatments in Quantum Field Theory called the external wave

packet approach 34,35,36,37 relies on a finite-size wave packet. The finite size of the wave packet al-

lows oscillations only if the mass states are in a coherent superposition at detection, meaning that

they still overlap after propagating for a finite size. This observation has significant consequences:

for example, cosmological neutrinos produced in the early Universe are most likely decohered, and

they would be detected as mass eigenstates. The case of a fourth neutrino state in the MeV mass

range is more relevant to this thesis: it would mix with the standard neutrinos in a typical neutrino

experiment. However, it would decohere immediately from the beam, resulting in a separate com-

ponent of the beam, as discussed in section 3.2. Moreover, all derivations assume the ultrarelativistic

approximation, which is valid for basically any neutrino experiment.‖ In fact, in the case of non-

relativistic neutrinos, oscillations would not be possible because the different mass states would

decohere way before oscillating.

If neutrinos travel long distances through dense matter, the oscillation probabilities must be

corrected for the coherent forward scattering with matter through CC and NC interactions 38,39.

Similar to photons, they effectively acquire a refractive index. These matter effects can be observed

only if the interaction is not degenerate among the three flavors, which is the case because of CC

interaction between νe and atomic e−. We do not discuss these effects further because they are not

relevant to this thesis. They often need to be considered in oscillation experiments at long baselines,

for solar neutrinos traveling the dense core of the Sun, astrophysical neutrinos going through su-

pernovae, atmospheric neutrinos traveling through the Earth, and for neutrinos propagating in the

dense plasma of the early Universe.

Let us go back to the parallel in the hadronic case: why are there neutrino oscillations and not

quark oscillations? If we could design an experiment for which a quark would be produced through

‖The only example of non-relativistic neutrinos come from cosmological neutrinos, which the expansion
of the Universe has slowed down.
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weak interaction and detected later through weak interaction, provided the mass states do not

decohere in between, we could observe quark oscillations. However, nature does not allow this

phenomenon: the strong force is confined, impeding quarks from freely traveling distances ≳

1/ΛQCD ∼ 1 fm. Therefore, quark mass mixing results in different branching ratios of the W bo-

son into different pairs of quarks rather than quark oscillations. However, oscillations can happen

between states that can freely propagate, like neutral mesons. For example, the propagation eigen-

states of the K0 − K0 system differ from the detection eigenstates. Lastly, why are there neutrino

oscillations and no charged lepton oscillations? Charged leptons are mass eigenstates: it is enough

to rotate one of the two fermions involved in the interaction to diagonalize the interaction term.

However, suppose we were to produce a coherent superposition of ultrarelativistic charged leptons

through a scattering of a perfect neutrino mass eigenstate. Furthermore, suppose we could detect it

downstream by measuring another neutrino mass eigenstate. In that case, we could observe oscilla-

tions between the different leptons. However, such an experiment is barely possible to imagine and

would not be particularly helpful, making its way only into the imagination of a Ph.D. student.

Measurement of neutrino oscillations

Neutrino oscillations have been measured in many experiments over the last twenty years. Figure 1.3

shows the experimental precision on the six parameters relevant for oscillation physics from 1998

till now: the three mixing angles, the two Δm2, and the complex phase δ. The graph also empha-

sizes the experiments that contributed the most to the sharp reduction of the uncertainties in each

parameter. Remarkably, the precision on most quantities is small, at the percent level, which is why

people often say that ”neutrino physics entered the precision era.” There is one exception, which is

the phase δ, that is hard to determine experimentally. It enters in CP violation measurements, like
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Figure 1.3: The experimental uncertainties on the six parameters determining neutrino oscillation physics have de‐
creased significantly in the last 20 years. Super‐Kamiokande, the solar neutrino experiments, KamLand, T2K, Daya Bay,
Reno, and Nova, are the experiments that contributed the most to the reduction of the uncertainties. The only parame‐
ter for which the precision is not yet at the percent level is the δ phase. Figure taken from 40.

the difference in the rate of νμ and νμ disappearance, through the Jarlskog invariant 41, defined as:

JCP
∑
γ,l

εαβγεjkl = Im
(
U∗
αjUαkUβkU∗

βj

)
, (1.19)

where ε is the Levi-Civita symbol in three dimensions. It can also be written in terms of the mixing

matrix parameters

JCP = s12c12s13c2
13s23c23 sin δ. (1.20)
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Other processes, like νμ disappearance itself, are sensitive to cos δ. Notice that there is no complex

phase in the two-neutrino case, so there is no CP violation. Therefore experiments for which the

two-neutrino approximation is valid are not sensitive to δ and CP violation. Proving that δ ̸= 0

would imply J ̸= 0, fueling explanations of baryogenesis through leptogenesis. However, this last

process depends on more ingredients than just δ, making it δ ̸= 0 only a necessary condition rather

than sufficient.

These measurements can be re-interpreted in terms of the values of the PMNS matrix. The pre-

cision on the entries of the matrix reached the percent level, as illustrated by the most recent values

from global fit 42, shown in fig. 1.4, making neutrino physics fully inside the era of precision mea-

surements. However, while most of the experimental observations fit very well in this framework,

NuFIT 5.1 (2021)

|U |w/o SK-atm
3σ =

0.801 → 0.845 0.513 → 0.579 0.143 → 0.156

0.232 → 0.507 0.459 → 0.694 0.629 → 0.779

0.260 → 0.526 0.470 → 0.702 0.609 → 0.763



|U |with SK-atm
3σ =

0.801 → 0.845 0.513 → 0.579 0.144 → 0.156

0.244 → 0.499 0.505 → 0.693 0.631 → 0.768

0.272 → 0.518 0.471 → 0.669 0.623 → 0.761


Figure 1.4: These confidence intervals for the entries of the PMNS matrix were obtained by propagating the uncer‐
tainties from the mixing parameters. The first row shows the result without the atmospheric data from the Super‐
Kamiokande experiment, while the second one includes it. While this dataset tightens the confidence intervals, the lack
of proper systematic uncertainties released by the collaboration makes the combination less trustworthy. These results
are published in the latest analysis from the NuFit collaboration42.

several interesting ones do not, providing yet another experimental indication that this is not the

end of the story.
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2
Short baseline anomalies

In contrast with the consistent picture of neutrino oscillations that we discussed

in section 1.3, several experimental measurements do not fit consistently in the SM with massive

neutrinos, which are commonly known as short-baseline (SBL) anomalies*. What is common to all

*Here anomaly means that the measurement differs from the SM predictions, not to be confused with
Quantum Field Theory anomalies.
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these anomalous measurements is that the experiments detect neutrinos at SBL, much shorter than

well-measured neutrino oscillations:

(
L/km
E/GeV

)SBL
≪ 1

1.27Δm2
atm/eV2 ∼ 300, (2.1)

where L is the distance between production and detection, E is the neutrino energy, and Δm2
atm =

2.51 × 10−3 eV2 is the atmospheric squared-mass splitting, which induces faster oscillations than

the solar mass splitting Δm2
solar = 7.42 × 10−5 eV2 42.

This puzzle, with experimental results dating back to more than twenty years ago, sets the context

of this thesis. All the original work described in part II and part III aims at testing possible explana-

tions of these anomalies with more recent experiments and datasets. It is arguably one of the most

interesting open problems in neutrino physics. First, it consists of many different experimental re-

sults observed in different channels, with different neutrinos at different energies, with significances

varying from roughly 2 σ to almost 5 σ. Moreover, new experiments meant to test previous anoma-

lies with slightly different conditions often produce inconsistent results. While there are probably

many systematic effects involved, it is hard to believe that all these discrepancies are related to sys-

tematic errors and underestimated uncertainties. Second, there is currently no theory that explains

all the anomalies consistently. The most straightforward one is the light-sterile neutrino hypothesis,

which would explain the anomalies as oscillations at a frequency faster than SM oscillations induced

by an additional neutrino with mass in the range m4 ∼ 1 − 10 eV. This hypothesis is fascinating

because new states, like sterile neutrinos, are needed to explain neutrino masses, and SBL oscillations

could be a powerful way to discover them. Moreover, since so many anomalies point towards this

idea, it is hard to disentangle SBL anomalies from light sterile neutrinos. However, the picture is

certainly more complex than that: not all anomalous results fit well with the light sterile neutrino

interpretation, even in richer modifications of this theory, and many more experiments disfavoring
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this theory.

This chapter provides an overview of the most striking anomalies and their possible interpre-

tations. For a complete overview of the experimental panorama, we refer the interested reader to

Ref. 43. Chapter 3 contains an overview of the sterile neutrino models invoked to explain some of

the SBL anomalies tested in this thesis work.

2.1 LSND and MiniBooNE

LSND and MiniBooNE are the anomalies that captured the most attention during these years be-

cause their significance is relatively high ∼ 4 − 5σ, and the straightforward interpretation of light

sterile neutrino oscillations fits them reasonably well.

LSND

The Liquid Scintillator Neutrino Detector (LSND), operated at Los Alamos between 1993 and

1998, was looking for neutrino oscillations and was designed before the Δm2 values were well-

established. An 800 MeV proton beam shot against a target produced pions, later stopped in a beam

dump. While π− bind with nuclei and are absorbed without neutrino emission on timescales much

smaller than the charged π lifetime, π+ decay at rest into νμμ+. Muons also stop in the absorber,

decaying to e+νeν̄μ. The beam contains νe, νμ, ν̄μ, with minor contamination of ν̄e, at the 10−3 level

with respect to the other flux.

The experiment measured the ν̄e component of the beam by measuring the inverse β decay (IDB)

process ν̄ep → e+n. This powerful signature, schematically illustrated in the left panel of fig. 2.1,

consists of the e+ Cherenkov light, followed by the two photons from the e+ annihilation, and

about 200 μs later, the light emitted the captured neutron. The result 46,47,48,49,45, right plot of

fig. 2.1, shows a significant excess 3.8 σ of the data (black dots) with respect to the expectation (red
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Figure 2.1: Left: The LSND experiment, consisting of a cylindrical liquid scintillator tiled with over a thousand photo‐
tubes, can measure ν̄e thanks to the double signature produced by the e+ first and by the neutron afterward. Figure
taken from 44. Right: the reconstructed L/E spectrum after subtracting all the backgrounds not traceable to ν̄e. The red
and green histograms show the beam’s expected contamination of ν̄e. At the same time, the blue represents the distri‐
bution under the light sterile neutrino hypothesis for the best‐fit value to the data (black dots). Figure taken from45.

and green). It can be explained by neutrinos oscillation ν̄μ → ν̄e with Δm2 ≳ 1 eV2 (blue). This

anomaly, which started the long journey of searches for light sterile neutrinos oscillations, is highly

robust. Because of the double signature, interpreting these events differently than ν̄e is difficult,

which is why many theories addressing SBL anomalies fail to explain the LSND anomaly.

MiniBooNE

Built to test the oscillatory interpretation of the LSND result, the Mini Booster Neutrino Exper-

iment (MiniBooNE) used a different L and a different E to look for oscillations at the same L/E.

MiniBooNE operated from 2002 to 2019 in the Fermilab Booster Neutrino Beam (BNB), con-

sisting of neutrinos with an average energy of 800 MeV produced from mesons’ decay in flight,

originating from the 8 GeV proton beam against a Beryllium target. Figure 6.1 shows the location

of MiniBooNE in the context of the SBL experiments at Fermilab. MiniBooNE was a Cherenkov
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detector shaped as a sphere of roughly 5 m of radius, filled with about 800 ton of mineral oil. Sur-

rounded by about 1000 photomultipliers, MiniBooNE could detect different final states through

different types of Cherenkov ”rings”, as illustrate in fig. 2.2. A clear and full ring is the signature of

a muon, while electrons produce fuzzy rings. Individual photons result in electromagnetic showers

indistinguishable from electrons, while di-photon events, which originated from π0 decays, produce

a broader signature that can be fit by two rings. MiniBooNE was not only insensitive to the differ-

Figure 2.2: The spherical MiniBooNE liquid Cherenkov detector can measure three signatures, traceable to the foot‐
prints of muons, electrons, and π0, produced through specific neutrino interactions. Figure taken from50.

ence between electrons and photons but was also insensitive to protons and neutrons. Therefore,

to reconstruct the incoming neutrino energy, neutrino interactions are assumed to be quasi-elastic,

meaning elastic on a single, unbounded nucleon, which is mostly the case at the MiniBooNE energy

range (more details in section 8.1).

The plot on the left of fig. 2.3 shows the distribution of the reconstructed neutrino energy in the

search for electron neutrinos - the fuzzy rings - on the latest iteration of the analysis 51. This graph

shows the so-called low energy excess (LEE): the excess of electromagnetic events in the 200 − 600
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Figure 2.3: The reconstructed neutrino energy spectrum (left) and polar angle (right) in the search for single electromag‐
netic shower events show an excess concentrated at low energy. This plot shows the data collected in neutrino mode,
but the excess is also visible in anti‐neutrino mode. The most considerable background (red) comes from misidentified
π0 events, which has been constrained from a dedicated in‐situ measurement of the π0 background. Single photons
produced in radiative decays of theΔ resonance (yellow) also contribute to the low energy region. The rest of the back‐
ground (green) is induced by genuine electrons, produced by interactions of the minor contamination (0.5%) of νe in the
beam. The other backgrounds (gray and brown) are also constrained with specific sidebands. While many interpreta‐
tions can reproduce the energy spectrum, only a few are also able to simultaneously fit the wide angular distribution of
the excess. Figures taken from 51.

MeV energy range. When looking at the angular distribution (right plot), the excess appears to be

spread over the entire angular range, although most events are forward-going. The excess has been

observed in both neutrino and anti-neutrino mode, and each analysis iteration 52,53,54,55,51,56 only

strengthened the significance, now about 5σ.

It is also clear that the excess is related to the beam and is not simply a background effect. The

plot on the left of fig. 2.4 shows the radial coordinate of the interaction vertex. The excess is mostly

in the inner part of the detector, similar to standard neutrino interactions, excluding its possible

relationship with backgrounds close to the boundary of the detector. Similarly, the plot on the right

shows the distribution of the timing of the event with respect to the beginning of the bunch. The

excess perfectly aligns with the beam structure, below 8 ns, while the data agrees perfectly with the

simulation in the region containing non-beam related background. Moreover, no evidence for an

excess was found in the beam-dump run 57, where mesons were not focused along the beamline, and
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Figure 2.4: The same data shown in fig. 2.3 is now plotted in the radial coordinate of the neutrino interaction vertex
(left) and in the time of the interaction with respect to the beginning of the bunch. The excess closely follows the distri‐
bution of the neutrino‐induced backgrounds, supporting the interpretation of the excess as part of the neutrino beam.
Figures taken from 51.

only possible heavier BSM particles were expected to reach the detector.

There are three interpretations for the MiniBooNE excess, as shown in fig. 2.5: electrons from

electron neutrino interactions, single photons from neutrino interactions, and e+e− collimated

pairs that could not be distinguished from single electromagnetic showers. While all these explana-

tions could be generated by new physics BSM, the first and the second explanations might also be

related to mismodeling of the neutrino flux or nuclear cross sections. The e+e− hypothesis, how-

ever, requires physics BSM, such as models discussed in chapter 4.

While it seems that the light-sterile neutrino hypothesis fits the LSND energy spectrum quite

well, this is not precisely true for MiniBooNE. The best-fit point underestimates the data, clearly

visible in figure fig. 2.6, where the number of excess events is plotted against the reconstructed en-

ergy, together with the best-fit lines. Even large modifications of the best-fit parameters within un-

certainties do not significantly improve the agreement in the lower energy bins.
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1

Genuine 𝜈e Single photons Collimated e+e-

Figure 2.5: The MiniBooNE low energy excess of electromagnetic events can be interpreted in three ways: pure elec‐
trons, induced by CC neutrino interactions, pure photons, produced through NC neutrino interactions, and e+e− colli‐
mated pair. These last ones require the presence of BSM particles, either part of the beam and decaying in flight in the
detector or produced directly in the detector through neutrino scattering. Figures taken from51.

Figure 2.6: The best‐fit value to the light sterile neutrino model (solid red line) does not explain the excess completely,
especially in the lower energy bins. Even varying the model parameters does not improve the agreement in the lower
energy bins. Figure taken from 51.

32



2.2 The radiochemical experiments

The SAGE 58,59 and GALLEX (later called GNO) 60,61 experiments were designed to confirm neu-

trino oscillations by measuring solar neutrinos through the reaction:

νe +71 Ga →71 Ge + e−. (2.2)

The germanium is extracted and counted through its decay back to gallium, with a typical timescale

of ∼ 11 days. To double check the observed deficit of solar neutrinos, which was indeed induced by

oscillations, they design intense sources of 51Cr and 37Ar, which emit νe from electron capture 62.

Both experiments observed a deficit with respect to the expectation with both isotopes 63,64,65,66.

The value of the ratio between observed and expected, averaged among both experiments, was R =

0.86 ± 0.05 67.

The BEST experiment was later built to follow up on these results, with a larger detector with in-

creased sensitivity. A schematic representation is shown in the left plot of fig. 2.7. They found 68,69

a deficit Rin = 0.791 ± 0.05 and Rout = 0.766 ± 0.05, for the inner and outer part of the de-

tector, respectively, consistent with SAGE and GALLEX. These results have sensitivities between

4 and 5σ, which grow well above 5σ when combined with SAGE and GALLEX. Given the short

baseline L/E ∼ 1 m/MeV, this result can be interpreted as electron neutrino disappearance from

oscillations at Δm2 ≳ 1 eV2. However, these experiments are not sensitive to oscillations aside

from the inner-vs-outer part of the detector. No dependence on oscillation length was seen, favoring

large oscillation frequencies, but leaving room for other interpretations, like systematic errors in the

cross-section calculation and efficiency determination.

33



Figure 2.7: Left: The BEST experiment consists of a sphere full of Gallium, divided into two sections (r < 68 cm and
68 cm < r < 126 cm). The source is inserted in the center through a small vertical hole. Right: Parameter space of the
light sterile neutrino model for what concerns the radiochemical and the reactor antineutrino anomalies, showing the
oscillation frequencyΔm2 on the vertical axis and the effective mixing angle sin2 2θee on the horizontal one. The graph
demonstrates how older flux predictions (HM and HKSS) produce a closed best‐fit region in parameter space, in contrast
with the latest predictions (EF, KI, HKSS+KI), which result in exclusion regions. Moreover, this graph emphasizes the
tension between Solar neutrinos, which exclude everything above sin2 2θee ≳ 0.1, and the Gallium measurements,
which prefer larger values. The figure is taken from70.

2.3 Reactor Antineutrino Anomalies

For about ten years, people believed in the reactor antineutrino anomalies (RAA), and this story

is finally reaching an end. Reactor antineutrinos are produced in the fission of 235U, with energy

∼ 3 MeV. They are detected through the IDB process, and their energy is inferred from the electron

energy in the final state. Reactor neutrino experiments, like Daya Bay, RENO, and Double Chooz,

were initially designed to measure sin2 θ13 in conventional neutrino oscillations and extended their

analysis to look for faster oscillations. These very well-understood detectors measure antineutrinos

at L ∼ O(1 km), with very large samples (≳ 106), very low background from the reactor, providing

sensitivity up to Δm2 ≲ 0.1 eV2. Because of the large distance, the resolution on L smears out
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the oscillation wiggles to the average value of the mixing angle involved in the disappearance (see

eq. (1.18)). The RAA started in 2011 71: after a careful reevaluation of the reactor neutrino flux 72,73

(called HM model), most reactor experiments found discrepancies in the ratio of the expected to the

predicted IDB yield. Such discrepancy is quantified with the average ratio across experiments: with

the updated HM model, this was found to be R = 0.925+0.025
−0.023, with a significance of 2.9σ.

However, this discrepancy is now dismantled for three reasons. First, newer calculations rely-

ing on more recent measurements of the decays of 235U emerged, obtaining a better agreement

with the experimental data. The most up-to-date calculation with the KI model results in R =

0.975+0.022
−0.021

70,74,75, basically compatible with unity within the uncertainty, as shown in fig. 2.8.

Moreover, they produce open regions in the light sterile neutrino parameter space, in contrast with

closed regions produced by older flux models, as seen in the right plot of fig. 2.7. Second, it has

Figure 2.8: The reactor antineutrino anomaly, quantified by the average ratio of the observed to the predicted inverse
beta decay yields across experiments, is cured by the most up‐to‐date flux calculations, providing a value for the ratio
compatible with one within uncertainties. Notably, this effect is independent of the distance between the source and
the detector in the range 10 m < L < 1 km because oscillations average to their mean value. The figure is taken
from 70.
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been noticed that using a proper statistical treatment, using Feldman-Cousin confidence interval

rather than relying on Wilks’ theorem, reduces the significance of most anomalies, especially when

interpreted as light sterile neutrinos 76. Third, the newer generation of experiments at very-short-

baseline L ∼ O(10 m) attempted measurements of the IDB yield at different distances through

segmented or movable detectors. By performing relative comparisons, these experiments are sensi-

tive to baseline-dependent spectral distortions induced by oscillations without relying on neutrino

flux predictions. DANSS 77, NEOS 78, PROSPECT 79, and STEREO 80 all reported null results,

disfavoring and weakening the RAA further. Among this class of experiments, only Neutrino-4 re-

ported evidence for oscillations at the 2.9σ level 81. However, the community claimed this result was

controversial because of the analysis technique employed 82. The best-fit region is also incompatible

with the results from PROSPECT 79 and STEREO 80.

2.4 Null results

What makes the saga of SBL anomalies so complex and never-ending is the wide variety of null re-

sults. The most straightforward interpretation of the anomalies in terms of light sterile neutrinos

predicts oscillations in a wide variety of channels and experiments. However, many of these do not

report any disagreement with the SM, interpreted as a null result for the light sterile neutrino model.

If, on the one hand, these results made it clear that the vanilla oscillation hypothesis is not sufficient,

on the other hand, they pushed the community to come up with many new theories to explain the

SBL anomalies.

Accelerator neutrinos

The KARMEN (KArlsruhe Rutherford Medium Energy Neutrino) experiment searched for transi-

tions ν̄μ → ν̄e, from pion decays at rest, analogously to LSND. It exploited the time structure of the
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beam to isolate ν̄μ flux and a segmented liquid scintillator calorimeter to measure the resulting e+,

coated with gadolinium to enlarge the sensitivity to neutrons. It did not observe any disagreement

from the expectation 83, excluding a large portion of the LSND best-fit region, especially at large

Δm2.

While the search for electromagnetic events led to observing the low energy excess, MiniBooNE’s

measurements of νμ and ν̄μ 84 reported results in agreement with the SM, both with Booster Neu-

trino Beam and with the NuMI beam. The lack of muon-neutrino disappearance disfavors the os-

cillation hypothesis, with the caveat that, without a near detector, a high-frequency oscillation could

average out to a too small value to be distinguished from systematic uncertainties. For this reason,

MiniBooNE performed additional searches combined with SciBooNE 85, still leading to null results.

These results have been further corroborated by many additional experiments, most remarkably by

the MINOS/MINOS+† analyses 86. MINOS was located along the NuMI beamline, which now

serves the NoVA experiment, to measure neutrino oscillations, using a near detector located 1 km

downstream and a far detector 735 km away. The most recent analysis combines data from both

detectors and rules out the parameter space that could explain LSND and MiniBooNE in the light

sterile neutrino model.

Atmospheric neutrinos

Together with MINOS, the IceCube measurement of atmospheric neutrinos is the most stringent

constraint of the light sterile neutrino explanation of the SBL anomalies. IceCube, a cubic kilometer

of the Antarctica glacier instrumented with photomultipliers, can test oscillations through the mat-

ter effects. For Δm2 ∼ 0.1 − 10 eV2, a resonant matter effect leads to a dramatic enhancement of

νμ disappearance at energies ∼ 1 TeV, allowing very strong constraints from atmospheric neutrinos,

†MINOS+ is the name given to the second phase of the experiment, benefitting from the upgraded
neutrino beam.
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as shown in fig. 2.9. The latest analysis using eight years of data 87,88 sets some of the strongest lim-

its on νμ disappearance induced by light sterile neutrinos, and it is in agreement with the SM with a

p-value of 8%‡. This analysis, already powerful because testing SBL anomalies through a different

mechanism, is complemented by another analysis at smaller energies, where sterile neutrinos would

leave an imprint on standard atmospheric oscillations 89.

Figure 2.9: Left: this graph is known in IceCube as the oscillogram. It shows the ν̄μ disappearance probability as a func‐
tion of the neutrino energy and the zenith angle with respect to IceCube, which impacts the distance traveled through
the Earth. Around∼ 1 TeV and for small angles, matter effects result in a resonant depletion of the ν̄μ, which are fully
transitioned into the sterile state (called MSW effect). The vertical white lines indicate the transition between the inner
and outer core of the Earth and between the core and the mantle. The sterile neutrino parameters are set to the global
best‐fit value from 90. Figure taken from 87. Right: KATRIN simulation of the measured tritium beta decay spectrum in
the presence of sterile neutrinos with arbitrary parameter values. The first plot shows the contributions of the individual
contributions of the active and the sterile neutrinos. The second plot shows the ratio of the spectra with and without
sterile neutrinos, while the third shows the integrated time distribution. Figure taken from91.

‡Some physicists interpreted the closed contour at 90% as mild evidence for sterile neutrinos. However,
technically speaking, the result agrees with the SM within less than 2σ.
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Solar neutrinos

While they have been measured by the same class of experiments, radiochemical anomalies are in

strong tension with solar neutrino measurements. Indeed, the radiochemical anomalies require

strong mixing angles to explain the observed deficit, which should have been observed on top of

neutrino oscillations in solar neutrinos, which have similar energies. A combined analysis of solar

neutrino measurements firmly excludes the SBL probability of electron neutrino disappearance

> 0.0168, independently of the oscillation frequency 92.

Neutrino masses

The Karlsruhe Tritium Neutrino experiment (KATRIN) is designed to improve the sensitivity to

the effective neutrino masses by measuring the tritium beta decay spectrum with high precision.

Given the sensitivity reached with their latest result 93, claiming mν ≲ 0.8 eV, KATRIN can ef-

fectively constraint light sterile neutrinos at masses ∼ 1 eV. An additional state would modify the

endpoint of the beta decay spectrum with an extra kink produced by the sterile state, as shown in

the right plot of fig. 2.9. The results 94,91 exclude interesting regions of the parameter space that

could explain the gallium anomalies, especially in the large Δm2 region.

Coherent neutrino-nucleus scattering

Prospects for robust tests of the oscillatory interpretations of MiniBooNE and LSND come

from coherent neutrino-nucleus scattering measurements. Coherent neutrino-nucleus scatter-

ing (CEνNS§) is a neutral current interaction with the entire nucleus, which produces a nuclear

recoil as the only signature. It is the dominant process at small neutrino energy, with a considerable

§While I would tend to read this acronym like ”ce-nuns,” people in the field read it as ”se-vens” - yes, like
the number 7 at plural.
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enhancement of the cross section proportional to the square of the number of neutrons, thanks to

the coherent interaction. Even if the CEνNS process was observed only recently 95,96,97, a dedicated

search for neutrino disappearance could already prove very powerful in the next few years. Mea-

suring the flux of neutrinos from pion decay at rest, with fixed and well-known energy, at different

distances from the source, varying from a few to a few tens of meters, could resolve oscillation wig-

gles if light sterile neutrinos exist. An upgrade to the COHERENT experiment, using a 10-kg CsI

detector at cryogenic temperature could test the best-fit regions of MiniBooNE and LSND and 90%

confidence level. The Coherent CAPTAIN-Mills experiment 98 will also test the anomalies with

similar techniques.

Cosmology

Any sterile neutrino would be produced, at least through mixing, in the early universe. If sterile neu-

trinos are in thermal equilibrium when the temperature is at the MeV scale, they would affect the

history of the universe and are thus strongly constrained by cosmological observations. At temper-

ature around the MeV, about one second after the big bang, neutrinos decouple from the thermal

bath, and their population freezes out. This additional extra radiation contributes to the rate at

which the universe expands and effectively modifies the Hubble parameter 99. This effect is quan-

tified through the measurement of the effective extra relativistic degrees of freedom species, which

was measured to be Nexp
eff = 2.99 ± 0.17 100, in agreement with the Standard Model prediction

NSM
eff = 3.046 for the three active neutrinos. This argument does not directly extend to heavier

sterile neutrinos. We will see that MeV sterile neutrinos affect the rate at which deuterium is formed

during Big Bang Nucleosynthesis in section 4.1, while KeV sterile neutrinos would typically require

very small mixings that they would not be in thermal equilibrium with the bath when neutrinos

decouple from the bath.
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3
Neutrinos beyond the Standard Model

Neutrinos are a rather special ingredient of the Standard Model (SM). The ab-

sence of electric charge and their extremely small but non-vanishing mass implies that, contrary to

all other fermions, neutrinos do not have their properties uniquely determined by the SM gauge

group, G = SU(3) × SU(2) × U(1). Indeed, in order to uniquely determine the origin of neu-

trino masses, we need additional ingredients, like new symmetries, such as U(1)B−L, or new scales,
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such as the Majorana mass of their right-handed partners. Indeed, this second route is the central

topic of investigation in this thesis. However, any new model should also provide explanations for

the anomalous observations at short baselines. All the models discussed here are tailored to explain

the MiniBooNE excess and, with some additional tweaks, can explain other anomalies too. This

chapter provides a phenomenological discussion of models containing sterile neutrinos, distinguish-

ing the case of heavy sterile neutrinos, which do not produce oscillations in most accelerator-based

experiments, from light sterile neutrinos, which induce oscillations at a much shorter baseline than

standard neutrinos. The first case is the topic of study of the two works discussed in part II, where

we show how a phenomenologically minimal model is excluded within a certain, interesting mass

range and how some variations of this model can be constrained by present and future experiments.

The second model is investigated with the MicroBooNE experiment: the full experimental analysis

and interpretation is the central topic of part III.

3.1 Mixing between active and sterile neutrinos

We introduce additional states together with all the allowed mass terms. We call these states sterile, as

they are typically uncharged* under SU(2)L, thus not undergoing the typical weak interaction with

the Z and W. Among the other states, there are some right-handed ones that allow the construction

of mass terms for neutrinos in the Lagrangian. In the simplest model, these right-handed partners

are uncharged under any group and therefore allow a new Majorana mass term, which could be very

large, making neutrinos masses effectively small. This mechanism is called Seesaw, as it produces

neutrino masses as a ratio between the electroweak and the new Majorana mass scale. Moreover,

as a complete singlet under G, right-handed neutrinos could also provide unique insight into the

*In type-II 101 and type-III 102 seesaw among these states, there are triplets of SU(2)L. However, this thesis
only focuses on the classical type-I seesaw mechanism, which involves additional neutrinos uncharged under
SU(2)L.
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possible existence of other hypothetical particles, such as dark matter, the dark photon, or additional

Higgs bosons.

After diagonalization, the three lightest neutrinos are identified as the active neutrinos, which

make up almost entirely the three left-handed flavor states that interact through the weak force.

The flavor states νe, νμ, and ντ would contain a small fraction of the heavier mass states, ≲ 3% as

constrained by the unitarity of the PMNS matrix. In the most minimal model, these mixing terms

are the only tools to possibly discover sterile neutrinos.

Seesaw and more

In the canonical Type-I Seesaw mechanism 103,28,104,105,106,107,108,109,102 right-handed neutrinos νR

are introduced. Generally, we expect these neutrinos to be more than one, as one is insufficient to

fix at least two non-zero neutrino masses. νR transform as complete singlets in the SM, allowing a

Majorana mass term and a Yukawa coupling with the Higgs:

Lmasses ⊃ MMνRνR + yν(LH̃)νR + h.c., (3.1)

where MM is the Majorana mass matrix, yν is a general Yukawa coupling matrix, L is the lepton

doublet, and H is the Higgs doublet. After electroweak symmetry breaking, the Higgs gets a vev v,

leading to:

Lmasses ⊃ MMνRνR +MDνLνR + h.c., (3.2)

where MD = yνv/
√

2 is the resulting Dirac mass matrix. After diagonalizing these mass terms, we

found that there are two different sets of mass eigenstates with masses:

m1,2 =
1
2
(MM ±

√
M2

M − 4M2
D), (3.3)
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which, in the Seesaw limit (MD ≪ MM), leads to

m1 ≃
M2

D
MM

=
(yνv)2

2MM
, m2 ≃ MM, (3.4)

where the first formula reads as m1 = MT
DM

−1
MMD in case of a nontrivial structure of these mass

matrices. Although the SM forbids any renormalizable Majorana mass term for the left-handed

Figure 3.1: The Type‐I seesaw mechanism requires a Yukawa interaction between the Higgs, the active left‐handed,
and the right‐handed neutrinos, and a Majorana mass term for the right‐handed neutrinos (left). If the sterile neutrino is
much more massive than the electroweak scale, it can be integrated out, producing an effective Weinberg operator of
dimension five (right). When the Higgs takes a vev, the Weinberg operator results in a Majorana mass term for the active
neutrinos.

neutrinos, by integrating out νR, we can generate an effective dim-5 operator, the so-called Weinberg

operator 24,25, as shown in fig. 3.1:

Ld=5 =
y2
ν

MM
(LcH̃∗)(H̃†L) → (yνv)2

MM
νcLνL, (3.5)

which, after electroweak symmetry breaking, explicitly violates the lepton number through an ef-

fective Majorana mass for the light neutrinos. However, any effect involving this operator will be

proportional to (mν/E)2, where E is the energy scale of the experiment under consideration. Since

neutrino masses have not been measured yet, it is clear that experiments are not yet sensitive to this
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operator.

We can now generate small neutrino masses by a combination of a large Majorana mass scale

MM, which is theoretically completely disconnected from the electroweak scale, and by small

Yukawa couplings yν. If we assume couplings of order one, to get neutrino masses of around 0.1 eV,

we need MM ∼ 1015 GeV, conventionally known as high-scale Seesaw, with heavy neutrinos

partners impossible to be produced in the laboratory. However, this is not the case in low-scale

variations of the model 110,111,112,113,114,115,116, which are both ubiquitous and well-motivated

theoretically, even if less predictive. Among the most interesting cases is the inverse Seesaw, where

approximate conservation of lepton number guarantees the smallness of neutrino masses in a tech-

nically natural way 117,118. This variation requires the introduction of additional fermions in the

spectrum, with a lepton number opposite to the heavy neutrinos. As a result, the additional state

combines into a pseudo-Dirac pair when diagonalizing the mass matrix. In the limit in which the

parameters that violate the lepton number, i.e.the Majorana mass terms for the heavy neutrinos, are

small, the lepton number is conserved, and the pseudo-Dirac pair becomes exactly Dirac. Neutrino

masses are now proportional to the lepton number violating terms, which are now allowed to be

small, below the electroweak scale, as they restore the lepton number in the limit in which they

vanish. This framework is behind the models for heavy sterile neutrinos considered in this thesis.

However, there are other ways to realize a low-scale Seesaw mechanism: Linear Seesaw 112,113,114

and Extended Seesaw 119,115,116. Lastly, here we discussed only the Type-I Seesaw mechanism, where

the Weinberg operator is UV completed by a new fermion which transforms as a singlet under

SU(2)L. Two other types of Seesaw mechanisms exist, exhausting all possibilities in which the Wein-

berg operator could be UV completed. Type-II Seesaw introduces a scalar that transforms as a triplet

under SU(2)L 120, while Type-III Seesaw requires a fermion transforming as a triplet of SU(2)L 102.
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Heavy or light?

From a phenomenological or even experimental point of view, an interesting distinction is between

heavy and light sterile neutrinos. Let’s consider a typical accelerator neutrino experiment, where

neutrinos are produced in decays of pions and kaons, and sterile neutrinos with a mass smaller than

the kaon mass mK ≃ 494 MeV so that they can be produced in conventional neutrino beams.

While pions and kaons decay into pure flavor states, these flavor states contain a sterile neutrino

component. Depending on the mass of the sterile neutrino with respect to the light neutrinos, two

different regimes exist, as illustrated in fig. 3.2. Suppose the sterile neutrino is light enough so that

Figure 3.2: Sterile neutrinos can be classified into heavy and light in a phenomenological way. Light sterile neutrinos
stay coherent with the rest of the wave packet on length scales much longer than the typical accelerator‐based neutrino
experiments. Heavy sterile neutrinos decohere from the other mass states as soon as they are produced, effectively
resulting in an additional component to the neutrino beam.

the difference in velocity between the sterile neutrino and the active one is small enough. In that

case, the wave packets will significantly overlap at the detection moment, producing a coherent
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oscillation pattern between at least four flavors. However, if the sterile neutrino is heavy, it will im-

mediately lose coherence from the rest of the wave packet, turning into an additional component to

the beam. Roughly speaking, we will talk about light sterile neutrinos when

pL
c
(

1
mactive

− 1
msterile

) << σz, (3.6)

where p is the momentum of the neutrino, L is the distance traveled between production and de-

tection, c is the speed of light, and σz is the wave packet size along the axis of propagation. This last

quantity is difficult to compute as it requires taking into account the quantum uncertainty in the

location of the production and detection of the neutrino 37,121,122.

A sterile neutrino is often indicated as ν4 when is light, producing a new oscillation frequency

Δm2
41, and as N when is heavy. Across this thesis the notation will be clarified case by case, and will

be determined by the context.

The typical mass range of interest for a heavy sterile neutrino case is between ∼ 1 MeV so that

it can decay at least into an e+e− pair and ∼ 500 MeV so that it can be produced in conventional

neutrino beams through kaon decays, while for the light case is around ∼ 1 − 10 MeV, which re-

sults in oscillations at short baseline of the order of the baselines of the experiments which observed

anomalous results. In this thesis we do not discuss the intermediate regime of sterile neutrinos with

KeV masses, because it does not provide an interesting solution to the short baseline anomaly puz-

zle. KeV sterile neutrinos are interesting as they could be a dark matter candidates. However, the

minimal version of this model is mostly excluded by x-ray searches looking for their decay into pho-

tons.

47



3.2 Phenomenology of Heavy Sterile Neutrinos

Heavy sterile neutrinos in the MeV-GeV range, often called Heavy neutral leptons (HNL) or, sim-

ply, heavy neutrinos, are an interesting solution to some of the short baseline anomalies, which is

also typically very predictive and thus testable with different experiments. This section discusses

only the so-called minimal scenario, the ones in which there is only one (or one set of) heavy sterile

neutrino(s). As discussed before, a more realistic model is likely to contain additional non-minimal

ingredients. Different ingredients change the phenomenology in different ways, and this will be

discussed in more detail in chapter 4 and chapter 5.

Weaker-than-weak

Heavy neutrinos are produced and decay at the tree level through mixing with the active flavors.

Figure 3.3 shows the Feynman diagrams for the heavy neutrinos’ weaker-than-weak interactions:

they undergo weak interactions as active neutrinos, further suppressed by small mixing values in the

amplitude.

Production and decay through mixing

Typical production of heavy neutrinos happens through pions and kaons decays, while decay can

happen into multiple channels, through neutral current or charged current, depending on the heavy

neutrino mass and flavor structure i.e.combination of mixing values with the active neutrinos. Fig-

ure 3.4 illustrates a mode of production through charged current and decay through neutral current

for a heavy neutrino that mixes with the muon flavor. Heavy neutrinos mixing with muon flavor

are extremely interesting as their production from meson decays is enhanced by the large branching

ratios into muon neutrinos (for helicity suppression). Heavy neutrinos that mix primarily with the
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Figure 3.3: The tree level amplitudes for a sterile neutrinoN undergoing neutral or charged current interaction can be
obtained by multiplying the corresponding amplitude with active neutrino α by the mixing factorUαN. These ampli‐
tudes can be at most∼ 10−2, so these interactions are often called weaker‐than‐weak.

Figure 3.4: Heavy sterile neutrinos in the range 1 − 500 MeV are produced through the decay of charged mesons,
like kaons, through charged current processes. They can decay into multiple final states, among which the νe+e− has a
mass threshold ofmN ≳ 1 MeV, through neutral current, and through charged current, ifUeN ̸= 0.

tau flavor are less constrained because they can only be produced in the decay of heavier mesons, like

D or B mesons.
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Lifetimes and branching ratios

Decay modes depend on the heavy neutrino mass and the mixing with the active flavor. Decay

modes and branching ratios have been computed in the literature for arbitrary mixing values 123.

The total decay width increases with the lifetime, and, mode by mode, it is proportional to the value

of the mixing square. The top left plot in fig. 3.5 shows the lifetime multiplied by the mixing square

as a function of the mass for heavy neutrinos that mix primarily with the electron, muon, and tau

flavor, respectively, i.e.assuming only one mixing value is different from zero. The lifetime curve is

similar for the three different cases because most decay modes are in common: however, the case of

|UeN| ̸= 0 shows a faster decrease because of the decay into eπ, which is accessible before the decay

into μπ or before the decay into τπ which would be out of the range of this plot. The significant

kink between 0.1 and 0.2 GeV is related to the opening of the decay mode into νπ. The lifetime

curve spans values between cτ0 ∼ 109 cm and cτ0 ∼ 10 cm for mixing values of 1. If we consider

more realistic values of the order of |U|2 ∼ 10−8, we see that lifetimes are extremely long, making

them survive for long distances if produced in a neutrino experiment. The other three plots show

the branching ratios into the different channels as a function of the heavy neutrino mass for the

three different cases of mixing with electron, muon, or tau only. Among the general feature of the

branching ratio curves, the invisible decay mode into three neutrinos is always allowed. At larger

masses, other decay channels become available, like νe+e−, eπ, eμ, μπ, etc. Combining searches into

multiple decay modes is powerful enough to set strong constraints in the whole mass range. How-

ever, even a single decay mode can set powerful constraints, as shown in part II.

While the case of a single mixing larger than zero might seem artificial, constraining one mixing

at a time is a powerful way to constrain this model, as specific experiments are much more sensitive

to one mixing value than to the others. And more generally, unless it is protected by a specific sym-

metry, we do not expect any of the mixing values to be exactly zero. Thus, ruling out the parameter
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Figure 3.5: Top left: Lifetimes times mixing square as a function of the heavy neutrino mass, for heavy neutrinos mixing
exclusively with the electron, muon, and tau flavor. This product is independent of the mixing value because the lifetime
is proportional to one over the mixing square. Cases of interest require much smaller mixing values, making the lifetime
in a realistic model much longer than what is displayed on the vertical axis. Top right and bottom row: Branching ratios
for a heavy sterile neutrino that mixes exclusively with the electron, muon, and tau flavor as a function of its mass. The
curves are quite similar and are modified by the channels with electrons or muons in the final state, which can proceed
through neutral or charged current depending on the flavor structure.

space for one specific mixing constrains the model significantly.

3.3 Phenomenology of Light Sterile Neutrinos

Light sterile neutrinos are sterile neutrinos that induce oscillations in experiments with baselines of

the order of L/E ∼ 1 km/GeV. Despite their decay channel into three neutrinos, their lifetime is

too long to be of any interest, and the only way to test this model is through oscillations.

Although this model is interesting for explaining short baseline anomalies, it is severely con-
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strained by cosmology 100, particularly by the measurement of Neff ∼ 3. A light sterile neutrino

would be produced in the early universe, have decoupled from the plasma, and become a light relic,

which would have affected the expansion rate of the universe. Variations of this model that avoid

this problem are possible, although not very favorable.

Lastly, a seesaw mechanism that generates neutrino masses with eV sterile neutrinos is hard to

realize. It is possible to find a fit to the standard seesaw, resulting in Yukawa couplings of the order

of 10−12 124. Alternatively, it can be realized as an accident of a full seesaw mechanism, in which the

structure of the mass matrices results in cancellations between different mass terms 125.

Fast oscillations

Essentially, light sterile neutrinos induce neutrino oscillations at a much faster frequency than stan-

dard neutrino oscillations. Assuming small values of the mixings between active and sterile, as con-

strained by the unitarity of the PMNS matrix, at first order, the observable effect is neutrino dis-

appearance, while, at second order, we have the appearance of active neutrinos. The survival and

transition probabilities at short baseline (SBL) can be written as

PSBLνα→να ≃ 1 − sin2 2θαα sin2 Δ41, PSBLνα→νβ ≃ sin2 2θαβ sin2 Δ41 (α ̸= β), (3.7)

where

sin2 2θαα = 4|Uα4|2(1 − |Uα4|2), sin2 2θαβ = 4|Uα4|2|Uβ4|2 (α ̸= β), Δ41 =
(m2

4 −m2
1 )L

4E
,

(3.8)

where α and β are active flavors, U is the PMNS matrix, L is the distance the neutrino traveled, E is

the neutrino energy, and Δ41 contains the difference in the squares of the masses between the ster-

ile and the active ones. While we indicate this last quantity with Δ41, it does not matter which of
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the active mass states we consider, because m4 ≫ m1,2,3 and, therefore, (m2
4 − m2

1 ) ≃ m2
4. In

principle, neutrinos could be more massive than their mass differences and almost degenerate, gen-

erating standard oscillations through this special combination of mass values. This pretty fine-tuned

possibility is discussed, together with other options, in this complete review of the topic 126. Notice

that these amplitudes do not distinguish neutrinos and antineutrinos, as, in this approximation, this

is a two-neutrino oscillation problem. To be compatible with standard neutrino oscillations mea-

surements, the amplitude of these oscillations must be smaller than a few percent, as constrained by

measurements of the neutral current rate at long baselines. In the long baseline regime, the oscilla-

tions induced by light sterile neutrinos would average out to the constant value sin2 2θαα.

Light sterile neutrinos would induce electron neutrino disappearance, which could be respon-

sible for radio-chemical anomalies, like the ones observed by GALLEX, SAGE, and BEST, while

anti-electron neutrino disappearance might be related to some of the reactor antineutrino anoma-

lies, although this option has been disfavored recently. Light sterile neutrinos would induce electron

neutrino appearance, which might explain the LSND and MiniBooNE observations, as observed in

the most recent MiniBooNE analysis and illustrated in fig. 3.6.

However, when analyzed through a global fit, this model is in strong tension with the null results

discussed in section 2.4. Figure 3.7 shows the best-fit regions to the light sterile neutrino model for

appearance and disappearance separately. The left plot shows the best-fit regions by several experi-

ments searching for νμ → νe appearance, at 99% CL. The best-fit regions overlaps and are therefore

combinable in the overall best-fit region (red shape). However, this same region does not overlap at

all with the best-fit region from experiments searching for νμ disappearance (blue line in the right

plot) at 99.73% CL, creating strong tension between different experimental results when inter-

preted under the light sterile neutrino model. All the details and perils of this analysis are discuss in

comprehensive reviews of the topic 43,127,90.

This strong tension fueled the study of extensions of the vanilla light sterile neutrino scenario.
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Figure 3.6: The left plot shows the appearance probability of νe, in a beam primarily made of νμ, such as the ones em‐
ployed by the LSND and MiniBooNE experiments, as a function of L/E [MeV/m]. Each datapoint represents a bin
from the LSND and MiniBooNE analyses, where L is estimated as the average distance neutrinos travel along the beam‐
line and E from the reconstructed energy. The appearance probability is estimated by looking at the excess of events in
a given energy bin compared to the νμ beam content in the same energy bin. The datapoints show a clear increase with
L/E, although they do not necessarily lie perfectly on the best fit line. The uncertainty of the fit is significant, as it can
accommodate values of sin2 2θeμ, Δm2

41 that differ even by a factor of 10 from the best fit values.

These extensions include an arbitrary number of sterile states 128,129, non-standard interactions

which induce additional matter effects 130,131,132,133 or additional† decay modes that makes the

sterile neutrino decay over distances typical of SBL experiments, to either visible 90,134,135 or invis-

ible 136,137,138,139 final states. Moreover, it has been found that considering the finite wave-packet size

might relax the significance of the light sterile neutrino explanation of some of the anomalies 140.

However, none of these alternatives seems to fully satisfy the experimental puzzle. Moreover, some

of these alternatives, especially the ones including additional decay modes, require proper models

that generate which are not always easy to build.

†Sterile neutrinos would decay into active neutrinos, but the rate would be too small to affect SBL experi-
ments.

54



Figure 3.7: Best‐fit regions on the light sterile neutrino parameter space defined byΔm2
41 (y‐axis) and sin

2 2θμe (x‐axis).
All the experiments looking for νμ → νe appearance seems to have overlapping best‐fit regions, and can therefore
be combined to obtain the global best‐fit region (red region, 99% CL) (left). This region is, however, incompatible with
the global best‐fit region from experiments looking for disappearance (blue), showing no overlap between the two at
99.73% CL. Both figures are taken from 127.

In summary, while the light sterile neutrino model seems hard to fit in the full panorama, it is the

most natural interpretation of the SBL anomalies because it would induce SBL oscillations. For this

reason, part III is dedicated to the investigation of a proxy of this model using MicroBooNE data,

especially targeting the regime that would best explain the MiniBooNE anomaly.

If anything, this preamble teaches us that the puzzles of neutrino masses and short-baseline

anomalies are complex, and, very likely, the physics that explains them is complex too. However,

to learn about the right complex solution, it is a good idea to start testing simpler models combining

different experimental datasets and theoretical insights.
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Part II

Heavy Sterile Neutrino Explanations
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4
Minimal and non-minimal models

The small nonzero neutrino masses challenge the conservation laws and par-

ticle content of the Standard Model (SM). As introduced in chapter 3, the existence of

right-handed neutrinos NR, singlets under the SM gauge symmetries, is an appealing solution to this

puzzle. After diagonalization of the mass matrix, a heavy sterile neutrino N would be present in the

spectrum. It would interact via the weak force suppressed by a small mixing element with SM neu-
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trinos, the so-called weaker-than-weak interactions discussed in section 3.2. In this work, we build

up on previous research 141,142,143,144,145, showing that this mixing is strongly constrained in the re-

gion between 10 MeV and mK ≃ 494 MeV, thanks to laboratory-based searches, which provide up-

per bounds, and cosmological limits, which constrain the lifetime of N to be τN < O(0.1) sec, and

therefore give a lower bound. However, the physics of heavy sterile neutrinos might be more com-

plex, with additional interactions contributing to their production or decays. Additional forces can

significantly modify their decay widths even for couplings that would be otherwise very difficult to

probe experimentally. Of particular interest are scenarios wherein N is shorter-lived than τN ≲ 0.1 s,

to escape cosmological limits but still sufficiently long-lived that it could survive cτN ≳ 100 m, the

typical distance from production to detection at beam-dump experiments, also called accelerator-

neutrino experiments. These scenarios are most effectively constrained with these experiments,

where N could be copiously produced in meson decays and observed through its decay products

inside large-volume detectors typically used for neutrino detection.

In this work, we consider decay-in-flight (DIF) searches at hodoscopic neutrino detectors for

N → νe+e− and derive new bounds on the mixing between N and muon-neutrinos. Hodoscopic

— from the Greek hodos meaning path and scopos, observer — describes detectors that precisely

reconstruct, track, and identify charged particles. This capability is essential for low-background

searches for heavy neutrinos and other long-lived particles. We consider three detectors: the T2K

near detector ND280 146, MicroBooNE 147, and PS191 148,149. We revisit constraints from PS191,

thought to be the strongest, showing that they have been significantly overestimated. We then ex-

tend the DIF search at T2K to heavy neutrinos lighter than the pion, showing that T2K data pro-

vides the leading lab-based constraints in that region of the minimal model. We show that these

limits are enough to rule out all parameter space in this mass region for heavy neutrinos that mix

predominantly with the muon flavor. These limits are then re-interpreted under three new scenarios

with additional interactions between N and the SM: a transition magnetic moment (TMM), a four-
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fermion leptonic interaction, and a leptophilic axion-like-particle (ℓALP) portal. While the minimal

model is too strongly constrained, these non-minimal models are exciting as they provide interpre-

tations of the excess of electron-like events in the MiniBooNE experiment 55,51. By re-interpreting

the previous analyses under these model variations, we obtain some of the strongest limits, ruling

out significant portions of the interesting parameter space to explain the MiniBooNE excess. The

code to obtain our limits and simulate heavy neutrino decays is open source, and can be found on

github.*

4.1 From minimal to non-minimal

In this first section, we discuss the models considered in this analysis. The description of the mini-

mal model builds on the basic concepts of heavy sterile neutrinos illustrated in chapter 3. The addi-

tional models we consider are built to provide extensions of the theoretically well-motivated models

in an effective field theory approach or by considering axion-like particles. The interesting parame-

ter space for these models is defined by where they can explain the MiniBooNE anomaly.

Minimal model

The minimal model with a single heavy neutrino is defined by the low-energy Lagrangian describing

its weaker-than-weak interactions

−Lint ⊃
g

2cW
U∗
αNνα/ZPLN+

g√
2
U∗
αNℓα /WPLN+ h.c., (4.1)

where N is the heavy mass eigenstate, which may be a Majorana or (pseudo-)Dirac particle, while

α denotes any of the three SM flavors. Although mixing with all three SM flavors is expected, we

focus on dominant mixing with the muon-neutrinos, |UeN|, |UτN| ≪ |UμN|. Our conclusions

* github.com/mhostert/HNL-DIF.
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will be analogous in the case of dominant |UeN|. The case of dominant |UτN| is constrained by DIF

searches at high-energy experiments, such as CHARM 150 and NOMAD 151, see also 152. This work

focuses on the decay N → νμe+e− that proceeds via the neutral-current (NC). We assume N as

a Dirac particle, as it provides a more interesting theoretical model in the low-scale inverse seesaw

scenario.

Heavy neutrinos and Big Bang Nucleosynthesis

N lifetimes in the minimal model are very long, as illustrated in fig. 3.5, and, for the channel under

consideration N → νe+e− can be expressed as τ0 ∼ 1 sec × (10−6/|UμN|2)(100 MeV/mN)
5.

This observation has significant consequences for cosmology, which thus result in strong upper

bounds. In the early Universe, N will be thermally produced and, if it survives to the onset of Big

Bang Nucleosynthesis (BBN), will impact the abundance of light elements 153,154,155,156. This hap-

pens in two ways: N and its decay products upset the neutron-to-proton ratio, especially if N can

decay hadronically, in which case the known Helium abundance requires τ0 < 0.023 sec157. More-

over, its electromagnetic decay products heat the plasma, changing the baryon-to-photon ratio and

impacting the deuterium abundance. Throughout this work, we use the detailed limits found in 158,

neglecting effects from modified branching ratios.

Non-minimal models

Additional contributions to the heavy neutrino decay rate could make it decay before BBN, avoid-

ing cosmological constraints and opening up some unconstrained parameter space. We consider

enhancements to the dilepton channel N → νe+e− from low-energy operators at dimensions five

and six, as well as from a low-energy extension with a light axion-like particle.
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Transition magnetic moment We start with the dimension-5, TMM operator

−Lint ⊃
μtr
2
νασμνNFμν + h.c.. (4.2)

We set again the flavor index α = μ motivated by phenomenological applications 159,160,161,162,163,164,135.

If |μtr| ≫ (GFmN/2
√

3π), N predominantly decays electromagnetically. The left plot of fig. 4.1
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Figure 4.1: If the heavy neutrino possesses a transition magnetic moment, heavy neutrinos can decay electromagnet‐
ically into photonsN → νγ. While this is the dominant decay channel, the additional interaction would enhance the
decay rateN → νe+e− through the diagram containing a virtual photon (left). For a choice of parameter space at the
edge of the bounds from supernovae, the primary decay rates predicted by this model are electromagnetic, into a single
photon (blue), e+e− (green), and μ+μ− (purple) (right plot).

shows the diagram for the process that enhances the width of N → νe+e−, while the plot on the

right shows the branching ratios as a function of mN, for a choice of parameters at the edge of the

constraints from supernovae. The primary decay channel is into a real photon N → νμγ, which can

be observed in high-density detectors, where the photon converts into an observable e+e− pair.

However, low-density detectors can measure the smaller rate to virtual photon, B(N → νγ∗ →

νe+e−) ∼ 0.7% at mN ∼ 250 MeV, benefiting from small neutrino-interaction backgrounds.

The operator in eq. (4.2) is not invariant under SU(2)L, and we discuss its possible UV com-

pletion. Depending on the underlying model, this may bear consequences for the masses and the

mixing of neutral leptons. If the completion of eq. (4.2) contains charged particles that couple only
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to heavy neutrinos, then μtr can only be generated via mixing. In particular, a pseudo-Dirac pair of

fermions NL,R with a large magnetic moment (μN/2)NLσμνNRFμν will generate a light-heavy transi-

tion moment in the mass basis, μtr ∼ U∗
αNμN. Heavy neutrino decay rates are suppressed by mixing

in this case. On the other hand, if the new charged particle content couples to light neutrinos, it

may directly generate μtr. To avoid a relation between eq. (4.2) and the Dirac mass term mDνLNR

(and therefore to UαN), one may borrow several results from the literature on light Dirac neutrinos

with large magnetic moments 165,166,167,168,169. Following Voloshin’s mechanism 165, for instance,

if the completion of eq. (4.2) respects some approximate SU(2) symmetry under which (νμ,Nc
R)

T

transforms as a doublet, then the dim-5 operator could be significant, and the mixing would be pro-

tected by the symmetry. We assume this case, rendering the lifetime of N from eq. (4.2) independent

of |UμN|2.

The TMM operator also generates a corresponding magnetic moment for νμ due to the mixing

UμN. The νμ − νμ magnetic moment is of the order of

|μν| = |μtrUμN| ∼ 3 × 10−11μB ×
( |UμN|

10−2

)( |μtr|
1 PeV−1

)
(4.3)

where μB is the Bohr magneton. This value is within the range of the XENONnT results 170, and

therefore provides an upper limit on the mixing parameter in our plots.

Four-fermion interaction At dimension six, we consider a vectorial four-lepton interaction

−Lint ⊃
GX√

2
(
NγμN

) (
ℓβγμℓβ

)
+ h.c., (4.4)

where β ∈ {e, μ, τ}. For GF/GX ≪ 1, heavy neutrinos decay primarily via N → νℓ+β ℓ
−
β through

mixing with light neutrinos. This decay mode is analogous to the weak-decay case: the Feynman

diagram is displayed on the left plot of fig. 4.2. The plot on the right shows the branching ratios as a
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Figure 4.2: An effective four‐fermion interaction enhances the decay rate into e+e− (left plot) and μ+μ−, overcoming
all other decay modes completely (right plot). Contrary to the TMM model, it requires mixing a heavy neutrino into an
active one, making all amplitudes proportional to the mixing.

function of mN for an interesting choice of parameters. The decay modes into electrons and muons

(above the threshold mN ≳ 2mμ) completely dominate the rate.

For large GX/GF, the effective operator in eq. (4.4) is only valid up to scales around the media-

tor mass. Therefore, constraints at high energies, for instance, from the branching ratio of Z →

NN(e+e−)171, do not apply. Ultraviolet completions of eq. (4.4) include gauge extensions of the

Standard Model, such as U(1)B−L and dark U(1)X gauge symmetries 172,173. In the latter, the dark

photon A′ couples to dark leptons, gXND /A′ND, and to charged SM particles via kinetic mixing with

the photon, (ε/2)FμνXμν. Thus eq. (4.4) is independent of flavor, resulting in

GX√
2
∼ gXeε

m2
A′
, (4.5)

where gX is the gauge coupling. As a result, the amplitude for N → νe+e− is proportional to

GXUμN, shortening the heavy neutrino lifetime by a factor κ ∼ (GF/GX)
2 with respect to the

minimal model. Model-independent limits on kinetic mixing constrain κ ≳ 10−4 and require the

mediator to be relatively light, around the GeV scale. Above the dimuon threshold, N → νμ+μ− is

allowed and would further strengthen our constraints. In addition, for theoretical consistency, such

63



hidden sectors typically contain several heavy neutrinos, which may also be produced in the decay of

their heavier partners. Even faster decays like N → N′ℓ+ℓ− could dominate since the rate would be

independent of |UμN|2. We do not comment further on this possibility and assume that decay rates

mediated by eq. (4.4) are always proportional to |UμN|2.

Finally, light neutrinos also interact via the dim-6 operator above due to mixing. There are two

types of processes to consider: i) νμe → Ne, and ii) νμe → νμe. Process i) is kinematically for-

bidden for neutrino energies below Eth
ν = mN + m2

N/2me, which at the smallest masses we con-

sider, mN = 20 MeV, takes values of E ∼ 420 MeV. This process would create a single electron

shower inside experiments like MINERνA 174,175 and CHARM-II 176, which have measured the

SM rate for neutrino-electron scattering at a precision of O(10%) and O(3%), respectively. Since

signal i) comes from an inelastic scattering, the electron would be less forward, and the signal effi-

ciency due to stringent experimental cuts on Eeθ2
e would be reduced. Nevertheless, requiring that

the rate for process i) be less than 10% of the weak rate and neglecting the effects of mN, we find

|UμN|GX/GF ≲ 0.1, which for our benchmark of GX/GF = 103 gives |UμN| < 10−4. For process

ii), the scattering on electrons is elastic, and therefore there is no threshold. Given that the new op-

erator interferes with the SM amplitude, a naive scaling provides a limit of |UμN|2 < 10−4 for our

benchmark, again requiring the interference term to be below 10% of the SM cross section.

Light mediators We now consider a low-energy extension of the SM where heavy neutrinos

can decay to a light mediator, which in turn decays to e+e−. A straightforward example was already

alluded to in the discussion above, where a dark photon mediator X was proposed as a completion

of the four-fermion interaction. While we focused on the case of mX > mN, justifying the effective

operator approach, it may very well be possible that X is lighter than N so that it can be produced in

two-body decays of the heavy neutrinos, N → νX, to subsequently decay promptly into e+e− via

X → e+e−. While a dark photon is attractive from a model-building perspective, it is certainly not
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the only one.

In Ref. 177, the authors proposed an extension of the SM with a leptophilic axion-like particle

(ℓALP). The simplified Lagrangian used was given by,

−L ⊃
∂μa
2fa

(
cNNγμγ5N+ ceeγμγ5e

)
(4.6)

where fa is the axion decay constant. The mixing of N with active-neutrinos is then responsible

for the decay of N → νa, which overwhelms the branching ratios of N for the parameter space of

interest. The ALP decays promptly into e+e− via the leptonic coupling, as shown in the plot on the

left of fig. 4.3. The plot on the right shows the branching ratios as a function of mN, emphasizing

how the e+e− final state dominates all the decay modes. There are also loop-induced decays with

B(a → γγ) ≲ 10%. We account for these loops without considering them as part of our signal

definition, making our result a conservative estimate. The interactions in Eq. (4.6) are again not
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Figure 4.3: In the extension of the heavy neutrino model with an ALP‐like particle, the decay rate into the e+e− final
state is enhanced by the diagram mediated by the ALP‐like particle (left plot). As soon as the ALP‐like particle is pro‐
duced on‐shell, the branching ratio into e+e− dominates all the other decay channels (right plot).

gauge-invariant and require a UV completion. As discussed in more detail in Ref. 177, the ALP a can

be identified with the pseudo-Goldstone boson of a global axial symmetry U(1)A, under which N is
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charged. It is also assumed that a couples most strongly with electrons. While this assumption is not

strictly necessary for our current study, it can be satisfied if the U(1)A symmetry has some non-trivial

flavor structure, for example, in Froggatt-Nielsen models 178.

Finally, as before, the new interactions also mediate neutrino-electron scattering. For Eν ≫

ma,mN, the inelastic scattering cross section decreases with energy,

σνμe→Ne(Eν ≫ Eth
ν ) ∼

|UμN|2|cecN|2m2
Nm2

e
256πf4

a

1
2Eνme

(4.7)

∼ 8 × 10−49 cm2
(

1 GeV
Eν

)( |UμN|2

10−2

)(
100 GeV

fa

)4
,

for our benchmark of mN = 20 MeV, cN = 0.4 and ce = 1, so safely below weak-interaction

cross sections even for such large values of mixing. For mN values above O(100) MeV, the threshold

becomes too large for N to be produced in accelerator neutrino experiments. Elastic cross sections

vanish within the limit of massless neutrinos.

Comparing the different models

Although all models illustrated previously predict heavy neutrinos that decay into e+e−, the exper-

imental signatures may differ because of different differential decay rates. However, what matters

the most in our analysis is that the selection efficiency does not differ significantly between different

models. While computing efficiencies as a function of experimentally relevant variables is not easy,

we will focus on showing that experimentally relevant variables that impact the efficiency curves are

similar among the models under consideration.

For the minimal model, while we discussed lifetimes, decay channels, and branching ratios in

chapter 3, here we show the differential rate to explicitly clarify the differences between Dirac and

Majorana and decays occurring purely via CC, NC, or both. These points are particularly relevant

because previous limits, like the ones from PS191, are easily misinterpreted because of their assump-
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tions about the nature of the heavy neutrino and the decay process. Neglecting the final lepton

masses, we find

dΓDir

dE+dE−
= |UαN|2

G2
FmN

2π3

[
g2
RE−(mN − 2E−) + (1 − gL)2E+(mN − 2E+)

]
, (4.8)

dΓMaj

dE+dE−
= |UαN|2

G2
FMN

2π3

[
(1 + gL)2 + g2

R
] [
mN(E+ + E−)− 2(E2

+ + E2
−)
]
, (4.9)

where gL = sin2(θW) − 1/2, gR = sin2 θW, and E+ and E− are the positive and negative charged

lepton energies in the center-of-mass frame, respectively. The expression holds for both left-handed

and right-handed polarized heavy neutrinos. Note that the above rates in a purely CC decay mode

can be recovered with gR, gL → 0, and in a purely NC decay mode with (1 + gL) → gL. The

expression used by the PS191 collaboration in 148 agrees with our calculation in the CC-only limit.

For a full discussion regarding the difference between Dirac and Majorana heavy neutrinos, see 179;

in the following, we will discuss and assume Dirac heavy neutrinos. In the Dirac case, the shape
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Figure 4.4: Kinematic distributions for different assumptions on the diagram leading to the decay: NC only (blue), CC
only (pink), NC and CC with interference (black). The first is the decay of the mixing with the muon or tau flavor only,
while the full amplitude applies to the case with the mixing with the electron flavor. Left: the energy of the lowest
energy particle of the electron‐positron pair. Center: the opening angle between the e+e− pair. Right: the distance
between e+e− pair at 20 cm from the decay point along the direction of the total e+e− momentum. We consider the
bent trajectories of pairs assuming a constant B = 0.2 T magnetic field. Monte‐Carlo errors are too small to be seen.
The kinematics is mostly independent of the nature of the decay.

of the differential rate is sensitive to the interference between NC and CC. However, this effect

is primarily irrelevant for variables of experimental interest. Figure 4.4 illustrates the distribution

of a few kinematical variables for heavy neutrinos decaying inside of the T2K near detector, as an
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example of the experiments under consideration, comparing the cases of NC only, CC only, and the

complete and correct amplitude. These experimentally relevant variables, namely the lowest energy

of the e+e− pair, its opening angle, and the distance between the trajectories bent by the magnetic

field after 20 cm are insensitive to the diagram responsible for the decay.

We performed a similar study comparing the three new physics models considered, in several ex-

perimental variables, as shown in fig. 4.5. The general comparison shows some mild differences that
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Figure 4.5: Decay kinematics in different models. In addition to the main variables also shown in fig. 4.4, we show the
e+e− invariant mass, the angle of the sum of the e+e− momenta with respect to the neutrino beam, and the energy
asymmetry of the pair.

squeeze the distributions of the experimentally relevant variables towards smaller values. However,

the bulk of the distribution lies above values where we expect efficiencies to plateau.

We now provide a more detailed study of the differential decay rates for the TMM and four-

fermion vector interactions.

In the TMM model, the main decay channel is N → νμγ, for which the decay rate of Dirac heavy

neutrinos is

ΓDir
N→νγ =

|μtr|
2m3

N
16π

, (4.10)
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recalling that μtr = 2d, where d is the dipole parameter often used in part of the literature 162.

However, the decay rate into virtual photons into e+e− is significant for our analysis. Due to the

small electron mass, the branching ratio is enhanced by large logs and is larger than a naive factor of

α/4π× B(N → νγ). In fact, the differential rate will peak at the smallest lepton energies, as follows

dΓDir
N→νγ∗→νℓ+ℓ−

dE+dE−
=

α|μtr|
2

8π2
mN(E+ + E−)− 4E+E−
(E+ + E−)−mN/2

, (4.11)

where we have taken the massless limit for the amplitude. In the massive case, the rate is regulated by

the lepton mass to give

ΓDir
N→νγ∗→νℓ+ℓ− =

α|μtr|
2

48π2 m3
NL
(
mℓ

mN

)
, (4.12)

with

L(r) =
(

2 − r6

8

)
sech−1(r)− 24 − 10r2 + r4

8

√
1 − 4r2 (4.13)

≃ 2 log
(

1
r

)
− 3 +O(r2),

where we show the leading-log approximation for small r in the second line. As an example, for a

heavy neutrino with mN = 100 MeV and negligible mixing with active neutrinos, we get B(N →

νe+e−) = 0.68%. Above the dimuon threshold, we find B(N → νe+e−) = 0.75% and B(N →

νμ+μ−) = 3.8 × 10−3 for mN = 300 MeV. At large masses, vector meson dominance dictates that

N will decay to final ρ, ω, and ϕ mesons, which produce primarily pions and kaons accompanied by

a final state neutrino.

The rate peaks at the lowest dilepton invariant masses, implying that the signal will be very similar

to real photons that convert inside the detector material. The dependence of the rate on an artificial
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cut on m2
ℓℓ = (p+ + p−)2 can be understood analytically. At small values of ree = mmin

ee /mN,

the rate will decrease as log(1/ree), while for large ree, we expand in a = 1 − r2
ee to find a rate as in

eq. (4.12) with the replacement

L(r) → a3
√

1 − 4r2
(

1
2
+ r2

)
. (4.14)

In the case of the four-fermion vector interactions, the decay rate into leptons is given by

ΓDir
N→ν(Z′)∗→νe+e− =

G2
XM5

N
192π3 . (4.15)

The differential rate, in this case, differs from the weak-decays only due to the lack of axial-vector

couplings,
dΓDir

N→νℓ+ℓ−

dE+dE−
=

G2
XmN

32π3

(
mN(E+ + E−)− 2(E2

+ + E2
−)
)
. (4.16)

It is easy to see that this is the limit of eq. (4.8) where CC is absent and gL = gR.

4.2 Laboratory-based searches for decays in flight

In this section, we discuss the methodology employed for setting limits on the models described in

section 4.1 using accelerator-based experiments. We first discuss how to estimate the heavy neutrino

flux and the limitations of this method. We then describe the experiments and datasets used in our

analysis before moving to the new bounds.

General methodology

Accelerator neutrino beams are obtained from the DIF of magnetically-focused mesons. If heavy

neutrinos exist, they are part of the neutrino beam produced through mixing. The flux of heavy

neutrinos in a given experiment can be estimated from the known neutrino flux per parent meson
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by rescaling it by 180,181

ΓP→Nℓ

ΓP→νℓ
= ρ(rℓ, rN) =

|Uℓ4|2(rℓ + rN − (rℓ − rN)2)
√
λ(1, rℓ, rN)

rℓ(1 − rℓ)2 , (4.17)

where P is the associated parent meson, rℓ = (mℓ/mM)2, rN = (mN/mP)
2, and λ is the Källén or

triangle function:

λ(x, y, z) = x2 + y2 + z2 − 2xy− 2yz− 2xz. (4.18)

The left plot of fig. 4.6 shows ρ as a function of rN, for pions and kaons, decaying to electron and

muons. When the mass of the heavy neutrino is close to the parent mass, the rescaling can reach

values of 104. In this work, we include only the contribution from kaon decays, neglecting the addi-

tional production from pions and muons. Estimating contributions from pions and muons would

require significant effort and a detailed experimental simulation, as the T2K analysis estimated effi-

ciencies and limits using the flux from kaons only. This procedure yields conservative results. How-

ever, they are sufficient in the low heavy neutrino mass region where mN ≲ (mM − mℓ)/2. This

procedure also automatically considers the effect of the magnetic focusing at the production point

and other geometrical effects. For larger mN values, our approach underestimates the heavy neu-

trino flux and yields conservative results. Heavier heavy neutrinos are produced with lower trans-

verse momentum with respect to parent particles than light neutrinos. Therefore, they are more

collimated with the beam direction, increasing the angular acceptance of on-axis detectors to heavy

neutrinos, particularly at low energies where light neutrinos would otherwise have a larger angular

spread. This behaviour can be understood in the right plot of fig. 4.6, showing the neutrino flux

from kaons at the T2K near detector (black), the official heavy neutrinos flux (dashed) for masses

of 150 MeV (blue) and 250 MeV (red), compared to our rescaling (solid). Our rescaling works well

at large energies, but undershoots the more accurate fluxes obtained by the T2K collaboration in

the low energy region. The flux is more underestimated at larger masses than at lower masses. Sec-
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tion 4.4 discusses how underestimating the heavy neutrino flux reflects on the limits in the heavy

neutrino parameter space. When considering new forces that shorten the lifetime while keeping N
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Figure 4.6: Left: the function ρ is the multiplicative factor to approximately convert the neutrino flux into heavy neu‐
trino flux. For small values of rN = (mN/mP)

2, the kinematics of the decay into heavy neutrinos is equivalent to the
one into active neutrinos, resulting in ρ ≃ 1. At larger masses, the heavy neutrino flux can be enhanced significantly
with respect to the standard neutrino as it is not limited by helicity suppression. Right: Comparison between the official
heavy neutrino flux employed by T2K (dashed) and our estimate (solid) for two different values of the heavy neutrino
mass (150 MeV in blue and 250 MeV in red), as a function of the beam energy, for particles originated from kaon de‐
cays. Our estimate is a simple rescaling of the standard neutrino flux from kaons (black), and it is a better approximation
at lower values of the mass and higher energy. Our estimate always under‐estimates the actual flux, resulting in more
conservative bounds than achievable with a complete analysis.

long-lived enough to reach the detector, the probability for N to decay to some final state X inside

the detector is independent of the total lifetime (1/Γ), and proportional only to the partial decay

width in the signal channel (ΓN→X)

PN→X = e−LΓ/βγ(1 − e−ℓdetΓ/βγ)B(N → X) (4.19)

≃ ℓdet
γβ

ΓN→X,

where ℓd is the detector’s length, L the distance between the production and decay points, γβ =

pN/mN, and B denotes the branching ratio. Ultimately, in the long-lifetime and single-flavor-

dominance limits, the new upper bound is given by |Unew
αN |2 = |UαN|4 × Γ̂N→X/Γnew

N→X, where

Γ̂ = Γ/|UαN|2. The argument is analogous when relaxing the assumption of single-flavor domi-
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nance. If Γnew
N→X ∝ |Unew

αN |2, the new upper-bound is proportional to the square root of the ratio of

signal decay rates, while the new lower bound if it exists, will be linearly dependent on the ratio of

the total rates. This statement is also approximately true for the lower bounds posed by cosmology.

Angular distributions

In order to further understand the heavy neutrino flux at ND280, we performed some studies re-

garding the relationship between energy, angle, and heavy neutrino mass. While a full simulation

of the heavy neutrino flux at ND280 is possible 182, it is pretty resource expensive and susceptible

to mismodeling of the geometry of the experiment. The approach followed in this work by rescal-

ing the neutrino flux by the function in eq. (4.17) turns out to be conservative and sufficient to

support strong bounds on the heavy neutrino parameter space. These studies, however, emphasize

how the flux is generated and some of the limitations of the previous method, which works exactly

only in the case of an on-axis experiment, with very forwardly collimated beam. The kinematics

1.0 0.5 0.0 0.5 1.0
cos CM

N

0.0

0.5

1.0

1.5

2.0

2.5

3.0

LA
B

N

0

1000

2000

3000

ELA
B

N
 [M

eV
]

mN = 0 MeV, K + + N

 = 2.0
 = 5.0
 = 8.0

1.0 0.5 0.0 0.5 1.0
cos CM

N

0.0

0.2

0.4

0.6

0.8

LA
B

N

0

1000

2000

3000

ELA
B

N
 [M

eV
]

mN = 150 MeV, K + + N

 = 2.0
 = 5.0
 = 8.0

1.0 0.5 0.0 0.5 1.0
cos CM

N

0.00

0.01

0.02

0.03

LA
B

N

1000

1500

2000

2500

3000

ELA
B

N
 [M

eV
]

mN = 385 MeV, K + + N

 = 2.0
 = 5.0
 = 8.0

Figure 4.7: The kinematics of heavy neutrinos from kaon decaysK → μN depends on its mass (three plots) and on
the kaon momentum (different line styles for three γ factors). The angle (blue) and energy (orange) in the lab frame are
functions of the angle in the center of mass (x‐axis), which is uniformly distributed because kaons are scalars. These
plots emphasize how heavy neutrinos at different masses cover very different regions in energy and angle, making the
experiment, ND280, which is off‐axis, sensitive to a specific part of the phase space.

of heavy neutrinos in the lab frame depends only on the decay angle in the center of mass because

of the isotropic two-body decay of kaons and pions, which are scalar particles. Figure 4.7 shows

the relationship between the angle in the lab frame and the angle in the center of mass frame, and

between the energy in the lab frame and the angle in the center of mass frame, for different heavy
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neutrino masses and different kaon momentum. The ND280 off-axis detector selects a flux around

θlabN ∼ 2◦, which implies a well-defined angle in the center of mass and thus well-defined energy in

the lab frame for a given mass and kaon momentum. A conclusion is that, when fixing the parent

momentum, light neutrinos and heavy neutrinos contribute to substantially different regions of the

energy spectrum. This relationship is emphasized further in fig. 4.8, where we neglect the angle in
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Figure 4.8: Analogous series of plots to fig. 4.7, this time showing directly the relationship between the angle in the
lab‐frame (y‐axis) and the energy in the lab‐frame (x‐axis). These plots allow a direct understanding of what part of
the energy spectrum is produced at what angles, but do not make explicit the distribution across the line, which is not
uniform.

the lab frame in order to show the relationship between angle and energy in the lab frame, losing

information about the probability density function along the line, which depends on the derivatives

of the functions shown in fig. 4.7. Figure 4.9 and fig. 4.10 illustrate the effect of the heavy neutrino
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Figure 4.9: Similarly to fig. 4.8, these plots shows the relationship between the angle in the lab‐frame (y‐axis) and the
energy in the lab‐frame (x‐axis) for different masses (different colors) and different kaon momenta (different plots).

mass more strikingly, for kaon and pion decays, respectively. They illustrate the same relationships

as in fig. 4.9, but comparing different masses for the same parent momentum. Remarkably, when
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slicing the plot at a given angle, for example 2◦ for ND280, the same parents can contribute signifi-

cantly to the flux at a certain mass, and negligibly at a different one. For pions, because the available

energy in the center of mass is more limited, the difference between the lightest and heaviest possible

heavy neutrinos is not as striking as in the kaon case.
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Figure 4.10: Analogous series of plots to fig. 4.9, but for heavy neutrinos resulting from pion decays π → μN. In
this case, the maximum heavy neutrino mass is about 29MeV, and the difference between different masses is less
pronounced than in the kaon case.

T2K ND280

The T2K collaboration searched for the DIF of heavy neutrinos in the three Gaseous Argon Time

Projection Chambers (GArTPC) of the off-axis near detector ND280 183, as illustrated in the left

plot of fig. 4.11. Because of the low density of the argon gas, this search has a minimal background

from neutrino interactions, and the gas allows excellent tracking and identification of the e+e− fi-

nal state. The analysis observes no event in all channels and provides some of the strongest limits

in the mass region 140 MeV ≤ mN ≤ 493 MeV. We use their null results and extrapolate the

experimental efficiencies, shown on the right plot of fig. 4.11, to estimate the constraint on light

heavy neutrinos with 20 MeV ≤ mN ≤ 140 MeV. We neglect systematic uncertainties and back-

grounds, as they provide negligible contributions to the limits. We reasonably accurately reproduce

the official T2K result above the pion mass. ND280 is currently being upgraded to a new config-

uration 184, with the replacement of the π0 detector, currently made of lead and scintillator, with
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Figure 4.11: Left: The T2K near detector, ND280, and the heavy neutrino decay‐in‐flight signature. The detector is
located at an angle of 2.042◦ with respect to the proton beam and a distance of 284.9 m from the center of the pro‐
duction target. Thanks to the artist and graphic designer Jackapan Pairin for the drawing. Right: Reconstruction and
selection efficiencies for different heavy neutrino production and decay modes, as a function of the heavy neutrino
mass, as employed in the official T2K analysis183. The fact that the orange lines do not extend below the pion mass,
despite being kinematically allowed, sparked this work, particularly the extension of this limit to smaller masses in the
minimal model.

two new GArTPCs. DIF searches will benefit from the larger GAr volume and the reduced num-

ber of backgrounds from coherent neutrino interactions upstream of the TPCs. We estimate the

sensitivity of a future search with this upgrade by considering the increased volume, and a total of

2 × 1022 POT 185, 4 × 1021 POT before (already collected), and 16 × 1021 POT after the upgrade.

This conservative estimate neglects improvements to reconstruction and background rejection.

PS191

PS191 was a low-density detector located at CERN and designed to search for the decays of long-

lived particles. The 19.2 GeV proton beam from the Proton Synchrotron (PS) provided a neutrino

beam for the on-axis BEBC experiment and could also be used by PS191 at 40 mrad off-axis loca-

tion, where ⟨Eν⟩ ∼ 1 GeV. The sketch on the left panel of fig. 4.12 shows the schematics of PS191

and the other experiments related to the PS beam dump. The detector is comprised of helium bags

separated by scintillator planes followed by a dense electromagnetic calorimeter downstream, as

shown in the schematic in the right panel of fig. 4.12. The calorimeter was used in a search for
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Figure 4.12: Left: PS191 was a neutrino detector located at CERN in the neutrino beam generated by protons from the
PS storage ring. PS191 was a short baseline detector, located only 140 m from the production point, while the same
beam served CHARM, CCHS, and BEEC about 825 m away. These last experiments were also sensitive to neutrinos
produced by the SPS beam. Figure taken from186. Right: a sketch of the PS191 detector, which consisted of a large
decay region made of six helium bags separated by scintillator planes and followed by an electromagnetic calorimeter.
Figure taken from 148.

νμ → νe oscillations, where an excess was observed 187, but not for the searches for heavy neutrinos

discussed here. Their final results considered only the CC decays of Dirac heavy neutrinos 188,149. †.

As a consequence, the search for K+ → μ+(N → π+μ−) and K+ → μ+(N → νeμ−e+) was

used to constrain only the |UμN|2-dominant case ‡ and the search K+ → μ+(N → e+e−) was used

to constrain |UμNUeN|. We are concerned with the latter case, as even in a |UμN|2-dominant case,

heavy neutrinos still decay to νe+e− via NC, and a constraint can be derived. This point was first

appreciated in 189 and later discussed in 190,143. These constraints were thought to be the strongest

lab-based in this mass region for the |UμN|2-dominant case. With our simulation, we show that this

†In the first publication 148 it was incorrectly stated that the limits are independent of the Dirac or Majo-
rana nature of the heavy neutrinos, which was later corrected in 188,149.

‡We note that the channel K+ → μ+(N → νμμ+μ−) was not considered even though it also proceeds via
CC diagrams and could also constrain |UμN|2.
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is not the case. The bound on |UμN|2 is a factor of 6 weaker than the published ones, corresponding

to an event rate 36 times smaller §, which is corroborated by the fact that T2K and PS191 have very

similar total exposures and neutrino fluxes, noting that PS191 ran for only a month.

Heavy neutrino production from pion and muon decays

As previously stated, one of the limitations of this analysis is the lack of heavy neutrino flux from

pion and muon decay. We aim to give insights into this flux at ND280 and PS191 in this subsection.

The left panel of Fig. 4.13 shows the neutrino fluxes used in our primary analysis. The neutrino

fluxes separated by parent particle are obtained from 191 for T2K and 192 for PS191, and they agree

reasonably well with those provided in Refs. 186 and 187.

T2K did not include the target’s heavy neutrino production from pion and muon decays. For

this reason, we leave these decay channels out of our analysis since the final signal efficiencies can

vary significantly between these channels due to the energy distribution and acceptance. Neverthe-

less, we perform a naive comparison between the event rate in these channels and the one from kaon

production before efficiencies. Our results are shown on the right panel of fig. 4.13. To compute

the heavy neutrino flux from muon decays, we take the approximation that the heavy neutrino flux

is given by Φμ→Neνe ∼ Φμ→νμeνe ×|Uμ4|2 × (Γμ→Neνe/Γμ→νμeνe), which is expected to be less accurate

than in the case of the two-body meson decays used in the main text, and discussed in eq. (4.17).

MicroBooNE

MicroBooNE is the first ton-scale liquid argon (LAr) TPC operated in a neutrino beam. It can per-

form searches for the DIF of new particles 193,194,195. However, since LAr is a high-density material,

§We have found a similar factor in the channels N → μπ and N → νeμ. For the latter, we find a discrep-
ancy by a factor of 6 at the largest heavy neutrino masses, which decreases for lower heavy neutrino masses.
We attribute this effect to us overestimating the signal efficiency. For μπ, the discrepancy is a constant factor
of 7.5.
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Figure 4.13: On the left panel, we show the νμ and νμ flux separated by parent particle at T2K in neutrino mode and
PS‐191 as a function of the neutrino energy. On the right, we show the number of decays in flight in the T2K ND280
detector for 18.63 × 1020 POT as a function of the heavy neutrino mass. The number of decays shown assumes the
long‐lifetime limit and is normalized by |Uμ4|4. We include an estimate of the number of decays from heavy neutrinos
produced in pion and muon decays for comparison.

providing both the target and the detector material, one needs to rely on extra schemes to reject

neutrino-induced background. The delayed arrival of heavy neutrinos with respect to neutrinos was

explored in the search for heavy neutrinos in the μπ decay channel 196. Another attractive option has

Figure 4.14: Left: a sketch of the location and orientation of MicroBooNE with respect to the main axis of the NuMI
beamline, its decay volume, and absorber. In the search for light scalar bosons197, the new particles are produced in
the absorber from the kaons decaying at rest, fly upwards and backward, and decay into e+e− inside the detector.
Right: MicroBooNE limits on the light scalar boson parameter space exclude all the interesting regions to explain the
KOTO anomaly. We recast this result to models of heavy neutrinos decaying into e+e−, which differs from the signature
MicroBooNE searched for only for the kinematic distribution of the e+e− pair. Both figures are taken from 197.

been employed in the search for light scalars 197 This search successfully rejects background utilizing
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the directionality and time of arrival of new particles, as produced in decays-at-rest of kaons at the

beam dump of the NuMI beam. The left plot of fig. 4.14 shows the schematic of the detector loca-

tion and orientation relative to the NuMI beam and the location of the absorber. The analysis did

not observe any excess with respect to the background, providing firm limits in the scalar parameter

space of mass versus coupling, as shown in the right plot of fig. 4.14.

The authors of 198 recast this null result into limits on the heavy neutrino mixing for the minimal

model. We further re-interpret this constraint as bounds on the non-minimal models considered.

These results use the reconstruction described in 199 and could be improved in MicroBooNE and

future LArTPC by using new and innovative reconstruction techniques 200,201,3,202. Additionally,

MicroBooNE performed searches for signatures that could explain the MiniBooNE excess in terms

of electron 203,204,205,206 and single photon 207 production in the detector. Although these results do

not report excesses with respect to the standard model expectation, they do not entirely exclude that

the MiniBooNE anomaly is related to new particles in the beam, as discussed in 208. Moreover, these

analyses do not significantly constrain the models we are considering in this paper because they do

not include a tailored search for e+e− from decay in flight. In contrast, the search for single photons

with no protons in the final state is not sensitive to event rates compatible with the MiniBooNE

excess.

At the time of writing this thesis, about a year after the publication of this work, the same strat-

egy employed in the search for e+e− from the NuMI absorber 197 has been employed to search for

heavy neutrino and heavy scalar decaying into μ+μ− and μπ pairs 196,209, which are more easily re-

constructed and measured in MicroBooNE than e+e− pairs. Although less powerful than T2K

ones, this analysis provides interesting constraints above the μπ threshold mN ≳ 250 MeV.
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Comparison between the different experiments

Table 4.1 provides a summary of the comparison between the three different experiments considered

in our analysis.

T2K PS-191 MicroBooNE (NuMI KDAR)
⟨Eνπ−decay⟩ 0.9 GeV 1 GeV —
⟨EνK−decay⟩ 4 GeV 4 GeV 234 MeV

νπ−decay/cm2/POT 1.8 × 10−8 1.7 × 10−8 —
νK−decay/cm2/POT 9.1 × 10−10 1.0 × 10−9 6.6 × 10−11

POT (12.34 + 6.29)× 1020 0.89 × 1019 1.93 × 1020

area 1.7 m × 1.96 m 3 m × 6 m 10.36m× 2.56 m
length 1.68 m 12 m 3 m

baseline 280 m 128 m 102 m
signal efficiency 6%− 12% ≲ 30% ∼ 14%

target beryllium carbon —
target length 80 cm 91.4 cm —

baseline 280 m 128 m —
decay tunnel 96 m 49.1 m —

proton energy 30 GeV 19.2 GeV —
off-axis angle 2.042◦ 2.29◦ —

Table 4.1: Comparison between T2K and PS191 experimental design. The top rows show numbers that enter directly
in the overall normalization of the event rate. The quantity ⟨EK→ν⟩ is defined as the average energy of neutrinos pro‐
duced in kaon decays and ν/cm2/POT is defined as the total neutrino flux integrated over all energies.

The naive estimates of the flux-averaged heavy neutrino decay rates at PS191 and T2K are of the

same order, showing that we should expect limits of the same order. The total number of heavy

neutrinos crossing the detector in the long-lifetime and ultra-relativistic limit, up to experiment-

independent factors, is

norm ≃
nPOT × ΦN × Area × Length × ⟨εsig⟩

⟨EN⟩
, (4.20)

where ⟨. . . ⟩ denotes an average over the heavy neutrino spectrum, and ε the signal efficiency, and
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ΦN the total flux of heavy neutrinos. A simple ratio between the two experiments using the infor-

mation in table 4.1 is
(norm)PS−191

(norm)T2K
≃ 0.5. (4.21)

The numbers used for PS191 are obtained from Refs. 186,210,148,149. We also note that T2K explores

several analysis channels, including the efficiency to select e+e− final states in other selection chan-

nels such as μπ and eπ. This combination provides additional statistical power to the T2K analysis.

The most uncertain ingredient in our calculation of the normalization is the PS191 efficiency.

From 186, we know that the detection efficiency is at most 70%. In addition, we are given the geo-

metrical acceptance for π final states, ∼ 40%, which in the low-density detector cannot be much

different from the efficiency to detect electron final states. Therefore, 30% is the largest efficiency

we allow for PS-191 to have, assuming it remains constant for all heavy neutrino masses. The actual

efficiency is likely to be smaller, especially at low heavy neutrino masses where the e+e− final state is

more collimated. In any case, even for 100% efficiencies, we do not find reasonable agreement with

the published bounds.

We have performed this check for the μπ and νeμ channels, finding similar discrepancies. For

low heavy neutrino masses, we observe that the ratio between our bounds and the published PS191

ones goes from ∼ 6 to lower values, which is most likely due to our assumption that the efficiencies

remain constant.

We now compare our limits using the T2K dataset and those set by the authors of 198 using the

MicroBooNE analysis in 197. In the long-lived heavy neutrino limit, the ratio between the naive

normalization factors in T2K and MicroBooNE is approximately

(norm)MicroBooNE

(norm)T2K
≃ 1.8 × εMicroBooNE

εT2K
, (4.22)

where the larger neutrino flux compensates for the difference in detector size at T2K. As seen in
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Figure 4.15: Comparison between the MicroBooNE and T2K efficiencies used in this work. Black triangles indicate
the official efficiencies quoted in 146, averaged according to the POT in neutrino and antineutrino mode. The black line
shows our extrapolation of the efficiency. The green curve has been obtained from the analysis of Ref.198.

fig. 4.15, the MicroBooNE efficiencies fall rapidly at low heavy neutrino masses. While the T2K effi-

ciencies we use at low masses are obtained from an extrapolation, it is clear that their dependence on

mN is much milder, as is also the case in other reconstruction channels, such as in μ+μ− or μ±e∓.

This is due to the low-density material, which prevents showering of the electrons, and the mag-

netic field, which splits the e+e− pairs with measurable angles. A great example of the capability of

ND280 to reconstruct the highly-collinear dilepton pairs is the single photon selection in the νeCC

measurements 211,212 and the single photon search 213. In the former, the selection efficiency for

photons converted in the Fine-grained detector was 12%. While it might appear odd that the signal

efficiency does not vanish at mN ∼ 0, this is because of the magnetic field inside the ND280 de-

tector. In MicroBooNE, on the other hand, low-mass heavy neutrinos that decay into overlapping

e+e− pairs are much less likely to be reconstructed as two separate objects. More detailed analyses by

the collaborations can refine our estimates for the efficiencies at T2K and improve on the numbers

shown in table 4.1.
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4.3 Constraining the interesting parameter space

This section shows the bound in parameter space for the minimal heavy neutrino model and its

non-minimal extensions, as described in section 4.1, obtained using the methodology and the ex-

perimental datasets discussed in section 4.2. We conclude the chapter with some considerations for

future searches and some additional cross-checks.

Exploring the parameter space of the minimal model

Our results for the minimal model are shown in fig. 4.16. Our bounds and sensitivity estimates

rule out heavy neutrinos below the kaon mass with dominant muon mixing in the minimal model.

This result also puts more strain on models that could also account for the baryon asymmetry of

the Universe 214. As discussed previously, official limits from PS191 have been overestimated by one

order of magnitude, and T2K provides the leading constraints at the lowest masses. Future data can

improve the leading constraints below 200 MeV, where the kaon peak searches become insensitive.

We note that our results are based on extrapolated efficiencies and conservative flux simulation and

that a complete simulation within the collaboration will provide improved results.

Costraining the parameter space of the TMM and four-fermion interaction

models

The new constraints with decays via the dimension five, eq. (4.2), are shown in fig. 4.17. while for

dimension six, eq. (4.4), in fig. 4.18. In these scenarios, the combination of lab-based and cosmo-

logical constraints does not exclude heavy neutrinos below the kaon mass. Our work complements

searches for neutrino upscattering at CHARM-II, which provides stronger constraints for new

physics scales below 1 PeV 216,162, and constraints from supernovae, which dominate above ∼ 1 EeV.

For GX/GF = 103, BBN constraints still exclude the smallest mixings, but our lab-based results pro-
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Figure 4.16: Constraints on the mixing of heavy neutrinos with the muon flavor as a function of its mass for a minimal
heavy neutrino model at 90% C.L., considering only the production and decay mode: K → νμN → νμ(e+e−ν̄μ). For
MicroBooNE, T2K, and PS191, the regions above the lines are excluded, while BBN excludes the region below the line.
In gray, we show other model‐independent constraints. T2K full refers to the projected sensitivity of T2K with the final
dataset, which will be collected by the end of the experiment.

vide the best upper limits in the newly allowed parameter space. For this choice of parameters, one

expects the existence of a new vector mediator with a mass of a few GeV, which can be searched for

in collider experiments 217.

Our constraints are relevant to new physics explanations of the MiniBooNE excess of electron-

like events 55,51. The authors of 215 proposed that the excess can be explained by the DIF of heavy

neutrinos with a TMM. This observation can be generalized to any model with enhanced N →

νe+e− or νγ rates. Our limits are derived using off-shell photon decays, therefore suppressing the

e+e− signal rate at T2K, PS191, and MicroBooNE with respect to the γ signal rate at MiniBooNE
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Figure 4.17: Left: Same as fig. 4.16 but for heavy neutrinos with a TMM μtr = 1 PeV−1. Right: The same constraints
as above but shown as a function of μtr for a fixed value of the heavy neutrino mass. The region of interest to explain
the MiniBooNE excess is shown in green 215. In fine dashed black, we show an optimistic estimate of a NuMI‐neutrino
single‐photon search at MicroBooNE. The shape of the constraints is dictated by the combination of the rate and life‐
time. A very small μtr results in a low rate and a long lifetime, while a large μtr increases the rate and shortens the
lifetime. There is an optimal point where the strongest constraint in mixing can be placed. Heavy neutrinos become very
short‐lived for larger μtr values, thus decaying before reaching the detector.

by approximately α/4/π× log (m2
N/m2

e ) ≈ 6 × 10−3 in the parameter space of interest. However,

our study shows that MicroBooNE and T2K already constrain interesting parameter space for the

TMM model.

We acknowledge that the distribution of the e+e− invariant mass in the TMM model is signifi-

cantly different than in the other models, as it peaks at masses close to zero because highly off-shell

photons are disfavored. We believe that applying the same efficiency to this model as to the other

two models might lead to overestimated limits; therefore, only detailed analyses from the experi-

mental collaborations can provide the most accurate bounds. However, MicroBooNE could exploit

a complementary strategy to test this model. Because of the high density, photons convert in the

detector. Thus a search for the single-photon decay channel rather than the e+e− branching ratio

could be extremely powerful, as seen by the additional curve (black dashed) drawn on fig. 4.17. Here

we assume the same efficiencies, backgrounds, and exposure as the e+e− search at MicroBooNE.

While this projection relies on optimistic assumptions on the reconstruction and selection effi-
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Figure 4.18: Same as fig. 4.16 but for heavy neutrinos with a four‐fermion leptonic interaction withGX = 103GF. The
inset diagram shows the dominant decay process in the model.

ciency for a photon converting in the detector, which is likely to be lower than for a genuine e+e−

pair and to have higher backgrounds, even if the rate estimation would be higher by a factor of ten,

lowermost of the MiniBooNE preferred region will be tested. Moreover, with a volume of 0.66

and 4.5 times the MicroBooNE volume, respectively, and a similar beam exposure, SBND 218 and

ICARUS 219 could complement the MicroBooNE constraints, thanks to the different distances

from the beam target and absorber.

At the time of writing this thesis, about a year after the publication of this work, new constraints

on this model from MINERvA have been derived, probing most parts of the region of interest for

MiniBooNE 220. A dedicated analysis from the MINERvA collaboration will likely be sensitive to

the entire best-fit region to the MiniBooNE excess.
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Constraining the parameter space of the light leptophilic ALP model
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Figure 4.19: Same as fig. 4.16 but for heavy neutrinos that decay to a light leptophilic ALP ofma = 20MeV. The two
solid green lines define the MiniBooNE region of preference at 2σ.

Constraints on the heavy neutrino decay to ℓALP are shown in fig. 4.19. On the left panel, we

show the limits in mass and mixing for fixed values of the heavy neutrino-ℓALP couplings and ℓALP

mass. On the right, we fix the heavy neutrino mass to be 380 MeV and vary the heavy neutrino mix-

ing and the ℓALP decay constant, fa. The limits from T2K and PS191 fully cover the region of pref-

erence to explain the MiniBooNE excess in both panels, excluding that the excess is due to decays

in flight to a great significance. On the right panel, we do not show the MicroBooNE limits as the

heavy neutrino mass is beyond the range considered by the experiment. However, inspecting the

left panel, one can deduce that MicroBooNE would also strongly constrain the large mass region

of the explanation. Similar to the TMM model, the invariant mass of the e+e− produced in heavy

neutrino decays is tiny; in fact, me+e− = ma. For MicroBooNE, separating the lepton pair would

be more challenging due to the absence of magnetic fields. When setting our limits in this model, we

assign the final signal efficiency to be that of a standard heavy neutrino model with mN = ma, that

is, we set εℓALP = ε(mN = ma).
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Outlook

Lastly, when heavy neutrinos are too short-lived to be probed in DIF searches, they may be pro-

duced by coherent neutrino-nucleus upscattering in the detector itself 160,161,216,135,221,222,223, before

traveling a distance of the order of the detector size and decay within the detector. The dark neu-

trino model is an example and constitutes a possible UV completion of the four-fermion interaction

model. The next chapter of this thesis thoroughly explores this model and the constraints derived

with ND280 by exploiting the upscattering in the dense layer of lead of the calorimeter preceding

the GArTPCs.

Prompt heavy neutrino decays in pion and kaon factories, such as PIENU 224,225 and NA62 226,227,

should also be searched for. The channel K+ → ℓ+(N → νe+e−), proposed in 223, would be sensi-

tive to light dark sector models and, to a lesser extent, to TMM.

Low- and high-density hodoscopic detectors like ND280 and MicroBooNE can play a central

role in the search for long-lived particles. Due to its hybrid design, ND280 can place firm limits on

the upscattering production of light particles, like dark neutrinos 221,222,223,2 and co-annihilating

dark matter 228,229. Future detectors, such as the planned DUNE near detector, could also benefit

from a hybrid detector design since they would be sensitive to both charged-track and single photon

final states while having a region of low neutrino-induced backgrounds.

4.4 Cross-checks

Here we discussed some simple cross-checks that validate our analysis and bounds.

Reproducing the T2K official limits

We now discuss the consistency between our limits in fig. 4.16 and the official T2K result 183. A

direct comparison between our limit and the figures in 183 would not be fair because of the differ-
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ent physical and methodological assumptions. Figure 4.20 illustrates the individual effect of each

different ingredient and to what extent we reproduce the T2K official result correctly. First, T2K
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Figure 4.20: Differences between our analysis and the T2K official result lead to a conservative limit. The T2K official
result sets a limit for Majorana neutrinos in a Bayesian fashion (black solid), which is stronger than using a frequentist
limit (orange dashed), and is about a factor of

√
2 stronger than the limit for Dirac neutrinos (green dashed). Our flux

estimation is conservative at large heavy neutrino mass and matches the full simulation at lower masses (blue dashed).
Excluding all decay modes aside for e+e− (pink line) leads to a conservative limit above the muon mass and matches
well with the equivalent T2K constraints below the pion mass.

performs a Bayesian analysis for Majorana neutrinos, while we are showing a frequentist analysis for

Dirac neutrinos. Moreover, T2K shows both marginalized limits, where the posterior is integrated

over the parameters not shown in the current figure (UeN and UτN for our case), and profiled limits

where the posterior density is shown after conditioning on the values of the parameters not shown

equal to zero (UeN = UτN = 0). The second case is appropriate for our comparison, and we were

able to plot it from the data release (black solid line). From the data release, we also obtained the flux

and the efficiency in the mass range considered for the analysis, from which we extracted a frequen-
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tist limit without considering systematics and backgrounds (orange dashed line), which play a minor

role in this analysis. The difference between a Dirac and a Majorana (green dashed curve) analysis

is a factor of two in the heavy neutrino rate — aside from a small difference in efficiency between

charge conjugate channels for eμ, eπ, and πμ channels — and becomes exactly a factor of two for the

e+e− channel. We reproduce the T2K heavy neutrino flux using eq. (4.17), which largely underes-

timates the flux at large masses, but becomes accurate within 10% at mN = 150 MeV (blue dashed

line curve). Eventually, considering only the e+e− decay mode gives the most conservative limit as

we are not adding contributions from eμ, eπ, πμ, and μμ. However, below the muon mass, since

e+e− is the only kinematically allowed decay mode, the limit matches the case where all decay modes

are considered, as shown by comparing the solid pink line with the blue dashed line.

Comparison in the light scalar case

If constraints on light scalars can be translated to constraints on heavy neutrinos, as illustrated in 198,

it is also possible to translate between bounds on the heavy neutrino mixing to bounds on the mix-

ing of light scalars with the SM Higgs. In particular, due to the proximity between the muon and

pion masses, the bounds on the scalar mixing can be approximately related to those on the heavy

neutrino mixing under a muon-dominance assumption as follows:

θ4
bound = |UμN|4bound ×

B(K+ → μ+N)

B(K+ → π+ϕ)
Γ̂N→νe+e−

Γ̂ϕ→e+e−
, (4.23)

where Γ̂ is the decay rate normalized by the relevant mixing angle. This estimate neglects contribu-

tions from KL and K− decays and hadron regeneration, providing a conservative estimate for the

bound on θ. These effects can contribute as much as a factor of 2 to the total rate since 0.065 K+,

0.032 K−, and 0.044 KL are produced per proton on target according to 230. For our PS-191 con-

straint, Eq. (4.23) gives θ2 < 2.8 × 10−7 for mϕ = 150 MeV. Including a naive factor of 2 in the rate
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for the other kaon sources translates to θ2 < 2 × 10−7. These values are not far from the constraints

found in 230. Using the naively rescaled PS191 constraints on heavy neutrinos, we would have found

θ < 4 × 10−8, which is much stronger than the quoted value in 230.

Recasting our results below for current (future) T2K data, we find a constraint on the scalar

mixing of θ < 2.3 (1.5) × 10−4 for mϕ = 150 MeV, which is the leading constraint in the “pion

gap” 231.

Existing limits from PS191

We revisit the constraints set by the PS191 experiment on the in-flight decays of heavy neutral lep-

tons (heavy neutrino). We are primarily interested in the search for K → μ(N → νe+e−). As

discussed previously, PS191 omitted neutral-current (NC) decays of heavy neutrinos, so this chan-

nel was used to constrain only the product |UeNUμN|. Including neutral currents, however, this

limit can be naively translated to a limit on |UμN|2 as follows

|UμN|2new−limit =

(
1 − 4s2W + 8s4W

4

)1/2

× |UeNUμN|PS191, (4.24)

where sW = sin θW is the sine of the weak mixing angle. We expect a similar selection efficiency

between charged-current (CC) and NC decays. The bound obtained with this rescaling procedure

differs from ours by a factor of ≈ 6, corresponding to a discrepancy of 36 in the event rate. This

estimate agrees with what was found in 230 for the scalar case.
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5
Dark Neutrinos

While the canonical Type-I Seesaw mechanism is an exciting solution to the puz-

zle of neutrino masses, if heavy neutrinos are in the mass range for explaining short-baseline

anomalies (1 − 500 MeV), a minimal model is not enough. We explored several effective opera-

tors that can shorten the lifetime of heavy neutrinos to avoid cosmological constraints from BBN.

However, as a complete singlet under G, right-handed neutrinos could also provide unique insight
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into the possible existence of other hypothetical particles, such as dark matter, the dark photon, or

additional Higgs bosons.

In fact, 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 160,161,232,233,234,162,135,235,133

and 221,172,222,236,223,237,173,238,239,240,241,242,243,215,177,244.

Among them is the possibility that light dark particles are produced in the scattering of neutrinos

with matter, and misidentified as electron-neutrinos due to their electromagnetic 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.

Among these, dark sectors containing a dark photon are interesting because mixing with the elec-

tromagnetic photon provides a portal to the dark sector. However, these dark sector solutions often

involve several new particles and, therefore, several independent parameters. While the experimental

signatures are straightforward to identify, the coverage of the model parameter space that is needed

can quickly become unmanageable. This curse of dimensionality is especially burdensome due to

the need to repeat sophisticated simulations of the model predictions in an experimental setting.

In this work, we solve this problem using a re-weighing method. We do so in the context of

a model of a dark neutrino sector, one of the working new physics explanations of the Mini-

BooNE excess based on heavy neutrinos coupled to a dark photon. We apply our technique to

the background-free search for e+e− in the multi-component near detector of T2K, ND280 183,

that we also used in chapter 4. The signatures arise from the upscattering of neutrinos inside the

high-density region of the detector, followed by the decay of the heavy neutrino into e+e− pairs

inside the gaseous Argon (GAr) Time Projection Chambers (TPC) of ND280. By leveraging the

power of our re-weighing technique, we can take advantage of our detailed detector simulation

throughout a much broader parameter space.

The novelty of our technique lies in the usage of a single Monte Carlo simulation that simulta-
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neously samples physical quantities, like phase space variables, and 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 corre-

sponding likelihood for any choice of model parameters within the boundaries of the simulation.

The result is a fast interpolation of the posterior probability of the model and greater flexibility in

determining confidence intervals in various slices of parameter space.

The code to obtain our limits and simulate dark neutrinos in the ND280 detector is open source,

and can be found on github.*

5.1 When heavy sterile neutrinos meet a dark sector

The idea that low-scale seesaw extensions of the SM can co-exist with new gauge symmetries,

most famously with B − L245,246,247,248,249,250,251,252,253,254, has been discussed throughout the

literature also in the context of baryonic 255, leptonic 256,257, or completely hidden gauge sym-

metries 258,259,260,261,262,263,264. 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 testable examples of low-scale neutrino mass mechanisms and deserve experimental

scrutiny.

This work focuses on a low-scale dark sector containing heavy neutrino states and a broken

U(1)D gauge symmetry 221,172,222,236,223,237,173. The heavy neutrinos interact with the mediator of

the dark gauge group, the dark photon, and SM neutrinos via mixing. Through a combination of

neutrino and kinetic mixing between the SM photon and the dark photon, this dark sector leads to

new interactions of neutrinos with charged particles and contains heavy neutrino states that decay

primarily through the new force. This model is exciting in the context of short-baseline anomalies as

* github.com/mhostert/dark-neutrinos-at-T2K.
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it predicts the production of heavy neutrinos inside detectors, which subsequently decay to electro-

magnetic final states, mimicking νμ → νe appearance signatures.

We start with the definition of a simplified, low-energy Lagrangian that will be used throughout

this work. The minimal particle content we consider contains a single mediator, corresponding

to a kinetically-mixed dark photon Z′, 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 +
m2

Z′

2
Z′μZ′

μ + Z′
μ
(
eεJμEM + gDJ

μ
D
)
, (5.1)

where Lν-mass contains all the mass terms for the neutrino fields after proper diagonalization. The

dark photon interacts with the electromagnetic current of the SM, JμEM, proportionally to the elec-

tric charge e and kinetic mixing ε, as well as with the neutral leptons in the dark current JμD to the

gauge coupling gD. The above Lagrangian includes all interactions of interest in the limit of small ε

and (mZ′/mZ)
2.

In terms of an interaction matrix V, the dark current in the mass basis is given by

JμD =

n+3∑
i,j

Vijνiγμνj, (5.2)

where n is the number of heavy neutrino states. Here, ν1,2,3 are the mostly-SM-flavor light neu-

trinos, and νi≥4 are the heavy neutrinos that contain small admixtures of SM flavors. We can ex-

press Vij in terms of the mixing matrix Udi between the mass eigenstates i and dark flavor states d as

Vij =
∑

d QdU∗
diUdj, where the index d runs over all dark-neutrino flavors νd of U(1)D charge Qd.

Assuming Qd = 1 for all flavors, |Vij| ≤ 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,
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we stick with the generic notation of Equation (5.2), noting that experimental constraints require

Vij ≪ 1 if either i or j are in {1, 2, 3}. We now consider the upscattering of light neutrinos into one

A

|VμN |2̂ν μ N

Z′￼

|VN |2

(eε)2

ν
N

Z′￼

e−

e+

(eε Z )2
A

Figure 5.1: The diagrams for coherent neutrino‐nucleus upscattering (̂νμA → NA) and heavy neutrino decays (N →
νe+e−) considered in this work. We indicate the relevant parametrization of each interaction vertex.

of the n heavy neutrinos states νN, hereafter referred to as N for brevity, and its subsequent decay

into lighter neutrinos and an e+e− pair. The Feynman diagrams responsible for the processes are

shown in fig. 5.1. Specifically,

ν̂μ + A → (N → νe+e−) + A, (5.3)

where ν̂μ stands for the coherent superposition of ν1,2,3 produced in the neutrino beam, and ν for all

possible daughter neutrinos. This work considers only coherent scattering on the nucleus A.

Upscattering and decay

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

MZ′
ups =

eεgD
q2 −m2

Z′
ℓμhμ, (5.4)
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where q2 is the momentum exchange with the nucleus, hμ = ⟨A| JμEM |A⟩ is the elastic electromag-

netic transition amplitude for the nuclear ground state of A, and ℓμ is the leptonic current

ℓμ = ⟨N| JμD
∣∣ν̂μ〉 = ∑

i≤3 U∗
μiViN ⟨N|Nγμνi |νi⟩(∑
k≤3 |Uki|2

)1/2 , (5.5)

= VμN ⟨N|Nγμνi |νi⟩ ,

where we defined the vertex factor

VαN ≡
∑

i≤3 U∗
αiViN(∑

k≤3 |Uki|2
)1/2 . (5.6)

In a model with a single dark flavor d = D and one heavy neutrino N = ν4, it is possible to show

that VαN = Uα4|UD4|2 ≃ Uα4, which is small and directly constrained by laboratory experiments.

The complete cross section is then computed in the usual fashion. We have implemented a data-

driven Fourier-Bessel parametrization for the nuclear form factors 265.

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

herently,

|MZ′

dec|2 ≡
∑
i<N

|VNiM(mi)|2 ≃ |M(0)|2
∑
i<N

|VNi|2, (5.7)

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

|VN|2 =
∑
i<N

|ViN|2. (5.8)

As before, for a model with a single dark flavor and one heavy neutrino, |VN|2 = |UD4|2(1 −
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|UD4|2) ≃ |Ue4|2 + |Uμ4|2 + |Uτ4|2. |VN|2 may be similar in size or much larger than |VμN|2,

depending on the flavor structure of the model.† In this way, the production cross section is effec-

tively decoupled from the lifetime of N. This effect is irrelevant for light dark photons (mZ′ < mN)

because the decay is always prompt, rendering most signatures independent of |VN|2. However, in

MiniBooNE explanations where N decays via an off-shell dark photon, the requirement |VN| >

|VμN| 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 where N

does not decay only into ν1,2,3, but also into other heavy neutrinos νj with 3 < j < N. In this case,

VjN is mainly insensitive to the direct limits on the mixing of active and heavy neutrinos, |Uα4|2, and

can be of order one. The properties of these new states are rather model-dependent, so we conserva-

tively consider them invisible and not observable. For simplicity, we require that νj be light enough

such that (mN − mj)/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 Z′ is

ΓN→νe+e− =
ααDε2|VN|2

48π
m5

N
m4

Z′
L(m2

N/m2
Z′), (5.9)

where L(x) = 12
x4

(
x− x2

2 − x3

6 − (1 − x) log 1
1−x

)
, with L(0) = 1. For a light, on-shell Z′ we need

only compute N → νZ′ since Z′ → e+e− is always prompt,

ΓN→νZ′ =
αD|VN|2

4
m3

N
m2

Z′

(
1 −

m2
Z′

m2
N

)2( 1
2
+

m2
Z′

m2
N

)
. (5.10)

†This was the idea proposed in 222, where by virtue of |Uτ4|2 ≫ |Uμ4|2, the daughter neutrino produced
had a significant admixture of the tau flavor.

99



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

ΓN(|VN| = |VμN|) < ΓN < ΓN(|VN| = 1), (5.11)

where MiniBooNE explanations prefer to saturate the right-most inequality whenever mN < mZ′ .

The lifetimes of N and Z′ are always prompt in the light Z′ case. For the heavy case, we assume Z′

to be prompt, while N can be prompt or longer lived. For instance, taking |VN| = 1 and mZ′ =

1.25 GeV, we find

cτ0
min ≃ 1 cm ×

(
10−2

ε

)2(100 MeV
mN

)5 ( mZ′

1.25 GeV

)4
. (5.12)

Analytical approximation for upscattering cross section

For convenience, a crude approximation for the upscattering 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 cut-offs around the QCD scale and vector mass, respectively. For upscattering on nuclei

σνα→N
coh ≃ |Vαh|2(Ze ε)2αD

4E2
νm4

Z′

[
2(M4 + s2)− sM2(x2

A + 4)
]
, (5.13)

where Z is the atomic number of the nucleus with mass M, xA = 2ΛQCD/A1/3 with ΛQCD from

100 to 200 MeV, and A the atomic mass number. The dependence of the total cross section on

ΛQCD is stronger for lower energies.

Explaining the MiniBooNE anomaly

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
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dark photon models. Our model interprets the MiniBooNE anomaly as a sequence of upscatter-

ing and decay in the active volume of the detector, as shown in the plot on the left of fig. 5.2. The

collimated e+e− pair is then misidentified as a single shower, producing the excess of events at low

energy. While several models exploring this mechanism have been studied, only a small subset of

those can also explain LSND 244 due to the much harder-to-fake inverse-beta-decay signature. In

that case, a neutral mediator in the neutrino-nucleus scattering process 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. Because of this, we proceed to present benchmark points that are

compatible with the MiniBooNE observation only.

0.0 0.5 1.0 1.5 2.0 2.5
mN [GeV]

10 12

10 9

10 6

10 3

100

103

c
0  [

cm
]

mZ ′ = 1.25 GeV, D = 0.4, = 4.6 × 10 4, |VN|2 = 1

Figure 5.2: Left: Dark Neutrinos provide a new interpretation of the MiniBooNE anomaly. Because their lifetime can
be tiny, they would be produced directly inside the detector by upscattering an active neutrino into a heavy neutrino.
It would travel a distance smaller than the detector size and decay into an e+e− pair, collimated enough not to be
resolved and thus identified as a single shower by MiniBooNE. Right: The heavy neutrino lifetime spans several orders
of magnitude when varying the heavy neutrino massmN. For very small values ofmN, the decay is a three‐body decay
analogous to the muon decay, as the mediator is much more massive than the heavy neutrino and goes like cτ0 ∼
m4

Z′/m5
N. A significant jump is visible aroundmN ∼ mZ′ : the decay is now a two‐body decay with an on‐shell Z′,

which proceeds much faster. In the heavy Z′ case,N can be either long‐ or short‐lived, while in the light Z′ case,N is
always assumed to be prompt.

Benchmark A, light Z′.— Benchmark points based on a best-fit to MiniBooNE data have

been derived in the literature in the past 221, and have been constrained by the neutrino-electron
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elastic scattering measurement performed using MINERvA and CHARM data 236. This work

targets the low N mass region of the parameter space, which is not constrained very effectively by

MINERνA due to systematic uncertainties in the background.

Benchmark B, heavy Z′.— This benchmark is inspired by the benchmarks provided in

Refs. 223 and 173. It illustrates the case of a heavy dark photon, where the coherent upscattering

contribution is not dominant but still significant.

Benchmark (A) Light Z′ (B) Heavy Z′

mN (MeV) 100 100
mZ′ (GeV) 0.03 1.25
|VμN|2 8 × 10−9 2.2 × 10−7

αD 1/4 0.4
ε 1.7 × 10−4 2 × 10−2

|VN|2 |VμN|2 1

cτ0
N (cm) 7 × 10−5 0.54

NT2K
upscattering 15.5 560
NT2K

decay 15.5 4.6

Table 5.1: Parameters of our two benchmark points. These choices are compatible with the excess of events observed
at MiniBooNE.

Both choices of parameters above, outlined in table 5.1, can explain the MiniBooNE energy spec-

trum but not the angular spectrum. A fascinating difference between the two models, light and

heavy Z′, comes from the resulting lifetime of the heavy neutrino N. For the heavy mediator case,

the decay N → νe+e− happens through an off-shell Z′. Depending on the choice of parameters,

the decay rate can be fast or slow, with lifetime changing by several orders of magnitude. However,

for the light mediator case, the decay is a sequence of two-body decays N → νZ′ → e+e−, which

proceed much faster than the heavy case resulting in microscopic lifetimes and prompt decays. The
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right plot of fig. 5.2 illustrates this effect: the kink at mN ∼ mZ′ represents the transition between

the off-shell and on-shell decays, with a significant decrease in the lifetime of the model.

The exchange of a dark photon with the nucleus gives rise to very low-Q2 processes and, there-

fore, very forward e+e− final states. This is in apparent contradiction with the MiniBooNE obser-

vation. Quantifying this tension, however, is not currently possible due to the lack of public infor-

mation 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 sys-

tematic uncertainties in the angular bins and, most importantly, their correlations.

Models with helicity-flipping interactions and heavy mediators, such as scalar mediator mod-

els 244, have a better chance of describing the angular spectrum. These models also have the advan-

tage of having larger cross sections with neutrons and being attractive 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 exploration of these models for

future work after proper fits to the MiniBooNE excess have been performed.

Many constraints have been posed on the model above, from accelerator neutrino experiments to

kaon decays. We note the study of Ref. 266, where the authors point out a large set of experimental

observables that can be used to constrain MiniBooNE 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 detector’s geometry, which is an essential ingredient to correctly determine

the bounds on the heavy Z′ case, which are extremely sensitive to the lifetime of the heavy neutrino.

UV completions

Possible UV completions of Eq. (5.1) have been discussed in Refs. 172,223,173. 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
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U(1)D breaking. Schematically, they make use of the following operators,

(I): (LH̃D)νD, (5.14)

(II): (LH̃)(ΦνD). (5.15)

The first route requires new SU(2)L 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 U(1)D, together with the SM Higgs, also the electroweak symme-

try. 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-five operator in Equa-

tion (5.15), which induces a mixing term between νD and the SM neutrinos after symmetry break-

ing. 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 (LH̃)νs and νs(νDΦ).

Note that in both cases, the dark photon gets a mass from breaking the U(1)D, 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 Equation (5.2) and

should also generate the correct value for the light neutrino masses. In particular, both model types

are flexible enough for N to be a (pseudo-)Dirac or Majorana particle. However, to generate small

neutrino masses due to approximate conservation of lepton number, pseudo-Dirac states are pre-

ferred. 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.
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5.2 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 267. 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 Figure 5.3 clearly shows that the flux seen by ND280 is significantly larger than that seen

by MiniBooNE for the same exposure. The active mass, however, is much 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 test the dark neutrino interpretation of the MiniBooNE excess

directly. Our analysis reinterprets two public results by T2K: the search for the in-flight decays of

long-lived heavy neutrinos 183 and the νeCCQE cross-section measurement 212. The former directly

searched for appearing e+e− pairs inside the low-density region of the detector. At the same time,

the latter measured the rate of single photons that convert into e+e− pairs inside one of the tracking

components of the detector. We discuss the detector components below to then discuss the two

analyses.

Our analysis is based on a simplified detector simulation: we implemented the analysis selection

criteria and detector geometry on upscattering events generated by our own modified version of the

darknews generator 268. More details are given in section 5.3.

The ND280 detector

ND280 is a highly segmented and magnetized detector. The detector modules that will be used in

our work are shown in Figure 5.4, and constitute most of the detector’s active volume. 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. The latter ones serve as an elec-
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Figure 5.3: 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, while the coherent upscattering cross sections for our heavy dark photon benchmark (B) as pink lines. Considering
all the active material in ND280 and MiniBooNE, we found that the ratio of upscattering between the two experiments
isO(1) across the energy spectrum.

tromagnetic calorimeter (ECAL) and an active water target. This active water target is specially

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 and lay-

ers 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 components have fewer neutrino interactions and provide a better environment for

particle identification. The whole detector is in a 0.2 T magnetic field, surrounded by other side and
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back ECAL and side muon detectors. The dimensions and composition of each region are summa-

rized in Table 5.2 (see Refs. 269,270,271 for more information on ND280). Our simulation assumes

that the lead, brass, water, and scintillator layers are distributed uniformly inside each module. Each
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Figure 5.4: 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 po‐
sition 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.

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

zactive
begin Mactive

tot
Fiducial volume
X× Y× Z [cm]

zfiducial
begin 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

Table 5.2: 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 neu‐
trino decays but only for its production. For the GAr modules, we show each TPC’s fiducial volume and mass, taking
ρGAr = 1.78 g/cm3.

of neutrino interactions recorded in them of order thousand times smaller than in the other targets.

Detector description

We simulate the three subdetectors of ND280: the P∅D, the two FGDs, and the three GAr TPCs.

In Table 5.2, we report the sizes of the active volume, where upscaterring occurs, and the fiducial

volume, where e+e− 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 5.5 shows the 2d distribution density of upscattering vertices along the z and x axes for

the heavy Z′ 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 distinguishable, with the gaps between

volumes.
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Figure 5.5: Distribution of the upscattering vertex across the z‐x plane, for the heavy Z′ case, using our benchmark
point. The color bar shows the number of upscattering events per bin

Analysis I – heavy neutrino searches in the GAr TPC

The analysis in 183 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 neutri-

nos, 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 → νe+e−, 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 background, the orig-

inal 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 sizeable coherent cross section, re-

sulting 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)
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in neutrino mode and 6.29 × 1020 POT in anti-neutrino mode. Observing zero e+e− events over

the neutrino background expectation of 0.563 in neutrino mode and 0.015 in anti-neutrino mode

sets firm limits on new physics. A histogram-like representation of the data for the data collected in

neutrino mode is shown in the plot on the left of fig. 5.8. The expected signal is shown for a larger

value of ε with respect to our best-fit point to make the signal more clearly visible. Limits on long-

lived heavy neutrinos produced in kaon decays at the target have been discussed in Ref. 183,1.

For dark neutrino models, those can be recast, considering the production of N via upscatter-

ing inside the detector. In particular, we will focus on parameters such that the lifetimes of N are

not much larger than O(10) m, as otherwise, these particles would not provide an excellent fit to

MiniBooNE as well. If N propagates more than O(15)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 coher-

ent scaling with proton number, Z2. It would then decay into a visible e+e− pair inside one of the

TPCs. This particular signature is present in the most interesting parameter space for the heavy

mediator case. When the lab-frame lifetime becomes shorter than O(15)cm, the heavy neutrinos

produced in the P∅D decay before entering the TPCs, and therefore the e+e− 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 (mZ′ < mN), but it can

also happen in regions of large |VN|2 values of the heavy dark photon parameter space. The left plot

of fig. 5.6 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 the argon.

We expect differences in the reconstruction and selection efficiencies for upscattering with re-

spect to the decay-in-flight signatures considered in Refs. 183,1. Figure 5.7 shows the comparison be-

tween standard heavy neutrino signatures and our scattering-induced signatures for both the heavy
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Figure 5.6: Left: the geometrical acceptance of ND280 as a function of theN proper lifetime. For the smallest lifetimes,
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Figure 5.7: Comparison between standard decay‐in‐flightN → νe+e− signatures of heavy neutral leptons pro‐
duced 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. The variables are defined in
eq. (5.16).
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and the light mediator case. The reconstruction efficiency depends on the kinematics of the heavy

neutrino decay products, including the detector capability to separate the e+e− tracks as a function

of their opening angle and their distance of closest proximity. The selection efficiency relies on the

cuts described in eq. (5.16), which we implemented in our analysis. No smearing of the kinemat-

ics of the electron and positron has been applied at this stage; however, the resolution effect in the

GArTPC measurement would likely have a small impact on a zero-background search.

Ee+e− ≡ Ee+ + Ee− > 0.150 GeV, (5.16a)

me+e− ≡
√

(pe+ + pe−)2 < 0.7 GeV, (5.16b)

|t| ≡ (Ee+e− − pze+e−)
2 − |⃗pTe+e− |

2 < 0.03 GeV2, (5.16c)

cos θe+e− ≡ p⃗e+˙⃗pe−
|⃗pe+ ||⃗pe− |

> 0, (5.16d)

cos θee−beam ≡ pze+e−/pe+e− > 0.99. (5.16e)

The plot on the right of fig. 5.6 shows a map of the efficiency for these cuts by varying mN and mZ′

across parameter space, which are the only two parameters that impact the kinematics and not sim-

ply the total rate. The efficiency is about 50% for our benchmark point, and it is independent of

mZ′ for large values of mZ′ , where mZ′ only determines the total rate, similar to the W mass in the

muon decay. However, it grows to almost 90% at lower values of mZ′ , while it decreases to ∼ 20%

at larger mN. All these effects are taken into account when scanning the parameter space. Moreover,

given that the efficiency in the original heavy neutrino analysis is of the order 10 − 15%, we applied

an additional 10% efficiency factor to consider reconstruction effects conservatively.

We also perform a sensitivity study, projecting this analysis’s status by the end of the T2K data.

The current analysis could be extended to about 4 × 1021 POT which the experiment has already

collected. Moreover, ND280 is currently being upgraded to a new configuration 184: the P∅D is
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being replaced by two new GArTPCs and a Super FGD module. A future search post-upgrade,

looking only at upscattering inside the Argon, could be performed on the 3 TPCs, plus the two new

TPCs, on a forecast of 16 × 1021 POT 185. This conservative estimate neglects improvements to

reconstruction and background rejection and a benefit of a tailored analysis for this model.

Analysis II – photons in the FGD

The second analysis uses the photon-like control sample of the νeCCQE cross-section measurement

in the first FGD. Even though it focuses on a very different measurement, it can provide a helpful

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 e+e− in the FGD in the

same way they select single electrons or positrons for the primary measurement. The e+e− invari-

ant mass is a helpful quantity for them to select real photons. It can be used to constrain the dark

neutrino signal in the case of a light mediator. The Z′ is produced on-shell and decays promptly

to an e+e− pair, which, if reconstructed correctly, shows a peak in the invariant mass spectrum at

mee = mZ′ . The right plot of fig. 5.8 shows an example of the measured mee spectrum. We imple-

ment the smearing of momenta and zenith angles based on the 2D histograms provided in Ref. 272.

Figure 5.9 shows the resulting smearing matrices for electron/positron momentum, angle, and the

invariant mass of the pair. In this case, the resolution is significantly larger than for the GArTPCs.

However, it is essential for a correct sensitivity estimate because of the extensive background from

single-photon conversions that spreads on the entire spectrum. We consider a flat 10% reconstruc-

tion 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.
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Figure 5.8: The two plots show the data used in Analysis‐I (first panel) and Analysis‐II (second panel) in neutrino mode
(the plots for the anti‐neutrino mode are analogous). The expected signal is shown for a larger value of ε with respect
to our best‐fit point to make it more clearly visible. Analysis‐I is a one‐bin experiment, while Analysis‐II is a search for
a resonance on the e+e− 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% CL. The blue lines show the signal we expect to observe for the light Z′ benchmark point, modified with
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 e+e− pairs in the
FGD.

5.3 Exploring the parameter space

Extended dark sectors like the ones considered in this work typically involve a large number of in-

dependent parameters. This observation poses a challenge from the phenomenology point of view.
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Figure 5.9: These smearing matrices show the distributions of a reconstructed quantity as a function of its actual value
for the electron (or positron) momentum, the polar angle with respect to the beam axis, and the e+e− invariant mass
which incorporates both smearing effects. These smearing matrices are normalized such that the content of each ver‐
tical column sums to one. All color scales are logarithmic, emphasizing the tails of the distributions; however, the reso‐
lution is excellent, and the bulk of these distributions lie along the diagonal lines. 2D distributions of reconstructed and
true electron momentum p (left) and polar angle θ (right), as employed by T2K in the sideband of analysis‐II212. These
smearing matrices are obtained from the distribution shown in212 and provided as open data in 272, and employed in our
recast of analysis‐II. No smearing on the azimuthal angle ϕ and no correlations between the momentum and the angular
resolutions are considered; however, we expect these contributions to be small.
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Performing inference in this ample parameter space requires predicting distributions of observ-

ables 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 cov-

erage of the model parameter space. We apply existing statistical methods to interpolate model pre-

dictions across the parameter space, allowing the computation of the model prediction from a single

simulated sample. Fast interpolation of physical predictions across the parameter space has been

discussed in the context of event generators for colliders 273,274 as well as in fast generators of dark

matter direct detection signatures 275. However, these methods rely on the prediction’s parametriza-

tion in terms of analytic functions. Our technique complements these methods by deriving a non-

parametric estimate of the observables. A similar approach to the one discussed here has been pro-

posed for treating nuisance parameters and systematic uncertainties in IceCube 276. 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 non-parametric estimate of the observables as a function of the nuisance parameters in the

neighborhood of the central value, our method applies to the full parameter space.

General idea

We can think of a model as a family of probability density functions (PDF) p(x|θ), where θ are the

physical parameters of the theory over which we want to perform inference, like masses and cou-

plings, whereas x are observables, like particle momenta. The model also predicts a normalization

factor N (θ): not just the observable distribution depends on the parameter, but also the total rate.

Both θ and x are multi-dimensional, varying from several to O(10) dimensions.

Inference is performed by computing the expectation value Eθ[T(x)] of a test statistic T for each

value of θ. The typical approach proceeds as follows: i) start from an initial definition of a multi-

dimensional grid of a total of m points in the parameter space θj=1,...,m, ii) run a simulation for each
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θj, i.e., draw nj samples xi=1,...,nj ∼ p(x|θj), iii) compute the expectation value for each θj as:

Eθj [T(x)] =
nj∑
i=1

wj
iT(x

j
i), (5.17)

where wj
i are weights associated with the sampling, such as importance-sampling weights. Finally, iv)

one eventually interpolate these values across the parameter space, in order to predict Eθ[T(x)] for a

θ which has not been simulated.

While the method above works, our procedure provides a more efficient way to interpolate the

expectation. It allows us to rapidly compute multiple and more complex test statistics, like his-

tograms, using a single set of samples, i.e., running only one simulation. We promote θ to a ran-

dom variable by considering p(x, θ) = p(x|θ)N (θ)q(θ) where q(θ) is a prior over θ, and we sample

xi, θi ∼ p(x, θ) with weights wi, for i = 1, ..., n. Using these samples, we obtain Eθ[T(x)] by inter-

polating across the parameter space using Kernel Density Estimation:

Eθ[T(x)] =
n∑
i
wiT(xi)

w(θ, θi)
q(θi)

=
∑
i
wiT(xi)

K(d(θ, θi), δ)
q(θi)

, (5.18)

where K(d, δ) is a Kernel function, d(θ, θi) 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 pa-

rameters will produce similar observable distributions. Using importance adaptive sampling or

Markov Chain Monte Carlo, this method will guarantee to sample observables 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 q(θ) allows

us to control this effect and skew the distribution of samples towards our preferences. For exam-
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ple, 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. A sketch of this method is given on the left of fig. 5.10, where we summarized the

many parameters θ in a single axis and the many experimental variables in the single axis x in order to

illustrate the method in a with a three-dimensional graph.

Finally, despite the power of this interpolation, it introduces some statistical uncertainty related

to the finite sample size. Whenever a close formula for w(θ, θi) is present, it is more effective to use

that. For this reason, we split the parameter space into θα, for which a KDE weight is computed, and

θβ, for which the weight is computed through an analytical formula.

Figure 5.10: Left: The method employed in this work requires extending the probability density function p(x|θ) (dark
blue, for different values of θ) to a 2D distribution p(x, θ) (light blue). Using this sample, we can now sample events
from this 2D distribution (black dots) and compute expectations at different values of θ. We interpolate across parame‐
ter space using a kernel (green) that weighs events depending on their proximity to the target value. At the same time,
we apply an acceptance or selection function to the observables (red). Right: 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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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 5-dimensional parameter space for the light mediator case and 6-dimensional for

the heavy case since |VN| is only a relevant variable for the latter. More precisely, θα = {mN,mZ′},

while θβ,light = {|VμN|2, αD, ε}, while θβ,heavy = θβ,light ∪ {|VN|2}. The product of the differential

cross section in the observable space x = {ΩN,Ωee} times the neutrino flux ϕ(Eν) is our p(x|θ), as

p(x|θ) = dσ
dΩ

ϕ(Eν) = ϕ(Eν)
dσ

dΩN
(ΩN|θ,Eν)

1
Γ(θ)

dΓ
dΩee

(Ωee|ΩN, θ), (5.19)

where ΩN describes the kinematics of the heavy neutrino and the nuclear recoil, while Ωee describes

the kinematics of the e+e− pair and the final state neutrino. However, we are not interested in the

degrees of freedom of the recoil and the final state neutrino, so we implicitly integrate over those

variables. Here, Γ is the total decay width of the heavy neutrino and is given by

Γ(θ) =
∫

dΩee
dΓ
dΩee

(Ωee|ΩN, θ), (5.20)

and can be computed analytically using Equation (5.9) and Equation (5.10) 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 τ0(θ) = ℏ/Γ(θ).

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 277,278 with its Python implementation 279.
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In a typical simulation, we would use Vegas to sample the following integral

∫
dEϕ(Eν)σ(θ,Eν) =

∫
Eνϕ(Eν)

∫
dΩN

dσ
dΩN

(ΩN|θ,Eν)
∫

dΩee
1

Γ(θ)
dΓ
dΩee

(Ωee|ΩN), (5.21)

that we now extend to

∫
dθαq(θα)

∫
Eνϕ(Eν)

∫
dΩN

dσ
dΩN

(ΩN|θ,Eν)
∫

dΩee
1

Γ(θ)
dΓ
dΩee

(Ωee|ΩN), (5.22)

where θα = {mN,mZ′}. We use q(θα)light = m2
Z′/m3.5

N and q(θα)heavy = m8
Z′/m5

N, designed to

provide samples distributed as uniformly as possible in the {mN,mZ′} plane.

We employ the total number of selected events in a single-bin analysis as test statistics,

μ(θ) =
∑
k

nkt × POT×

× ϕ(Eν)dΩN
dσ

dΩN
(ΩN|θ,Eν)×

× 1
Γ(θ)

dΩee(Ωee|ΩN)ε(Ωee)a(ΩN, Γ(θ)), (5.23)

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 (POT). We also folded in the

selection efficiency ε(Ωee) and detector acceptance a(ΩN, Γ(θ)), which depends on the kinematics

as well as on the lifetime of the heavy neutrino. Both functions can be computed as multidimen-

sional cuts on the observables.
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By introducing weights for parameters θα and θβ such that:

Eθ[T] =
∫

dEνdΩNdΩeeT(x)ϕ(Eν)
dσ

dΩN
(ΩN|θ,Eν)

1
Γ(θ)

(Ωee|ΩN)

=
n∑
i
wiT(xi)wKDE

i (θα, θαi )wσ
i (θ

β
, θβi ), (5.24)

and by defining ε(Ωee,i) = wε
i (Ωee,i), a(ΩN,i, Γ(θi)) = wτ0

i (θi,ΩN,i), and nkit × POT = wnt,POT
i if

event i is generated on material ki, we can rewrite Equation (5.23) as a product of weights:

μ(θ) ≃
n∑
i
wiwKDE

i (θα, θαi )wσ
i (θ

β
, θβi )

wε
i (Ωee,i)wτ0

i (θi,ΩN,i)wnt,POT
i . (5.25)

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.

Multidimensional re-weighting scheme

We now discuss the weights appearing in Equation (5.25). The plot on the right of fig. 5.10 summa-

rizes the different aspects of the re-weighting scheme.

Cross-section KDE weights.— The cross section has a non-trivial dependence on θα =

{mN,mZ′}. We define the KDE weight as

wKDE
i (θα, θαi ) = K(d(θα, θαi ), δ)/q(θαi ). (5.26)

We studied the accuracy of different kernels, distance functions, and smoothing parameters by com-

paring the interpolation on a benchmark grid with a dedicated, high-statistics sample for different
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values of θ. In the rest of the work, we used the Epanechnikov kernel, a logarithmic distance, and

δ = 0.005 along the direction of both parameters, in an uncorrelated way.

Cross-section analytical weights.— The up-scattering cross section is proportional to

|VμN|2αD(eε)2, as seen by squaring the amplitude in Equation (5.4). We implement a trivial scaling

along with the parameters θβ allowing a quick re-weight of the events in this parameter space. In this

case, we define:

wσ
i (θ

β
, θβi ) =

|VμN|2αD(eε)2

(|VμN|2αD(eε)2)i
, (5.27)

where the parameters θβ are fixed in the entire simulation and so independent of i, but could, in

principle, be varied as well.

Reconstruction and selection efficiency weights.— We implemented ε(Ωee) as a

function that is 0 for the events which are not selected and ε for the events that are selected. For

Analysis-I, this weight is ε = 10% and the selection follows Equation (5.16). For Analysis-II, this

weight is a flat ε = 10% for every event.

Lifetime re-weighting.— 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

scale parameter equal to the N lab-frame lifetime, propagate 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 produce 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
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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 (aji, b
j
i), where j = 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 (βγ)i = pi/mN, and

given a value of the lifetime in the proper frame cτ0, the lifetime weight is computed as:

wτ0
i (θ,ΩN) =

∑
j

∫ bji

aji

ds
(βγ)icτ0

e−s/(βγ)icτ0

=
∑
j
(e−aji/(βγ)icτ0 − e−bji/(βγ)icτ0). (5.28)

POT and number of targets weights.— This re-weighting is the most trivial , as it depends

only on these multiplicative factors

wnt,POT
i = nt × POT, (5.29)

and can be computed on the fly, in order to easily change beam exposure and target material and

mass.

Likelihood evaluation

We compute a Poisson likelihood of the observed data (Nobs) given the expectation, summing up the

expected background b and the signal μ(θ) across the parameter space. We account for systematic

uncertainties by using the effective likelihood framework 280, which provides an analytic formula to

marginalize over systematic uncertainties:

L(θ) = Leff(θ|Nobs, b+ μ(θ), σ2(b, μ(θ))), (5.30)
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where

σ2(b, μ(θ)) =
∑
i
w2
i + (b+ μ(θ))2 ∗ η2, (5.31)

accounts for systematic uncertainties. The first addend accounts for the finite sample size. In con-

trast, the second includes the analysis systematics (e.g., flux, and cross section), using the fractional

systematic uncertainties published with the analysis, which are typically close to a flat 20%. This

formula can be easily extended to a multi-bin analysis by taking the product of the likelihood for

each bin. We sum the likelihood together when combining different analyses, like the TPC search

and the FGD sideband. When computing projections, we scale the signal and the background pro-

portional to the number of targets and the POT, and we assume Nobs = int(b + μ(θ)), where int()

is just approximating to an integer number.

5.4 Dark-new constraints

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. Analysis-I allows to

set constraints on the long-lived heavy case by looking at upscattering in the P∅D and decay in the

TPCs, and on the short-lived case (both heavy and light) when the upscattering and decay happen

directly in the TPCs. On the contrary, Analysis-II constrains only the light case by looking for peaks

in the e+e− invariant mass spectrum. We show limits on interesting slices of the parameter space,

discuss the contribution of each analysis, and conclude with prospects for the future, both of this

model and the methodology.

Limits in the relevant parameter space

Our novel method allows us to interpolate the prediction of physical observables across parame-

ter space using a single batch of simulated events and set limits in arbitrary slices of the parameter
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space. While our methodology allows setting constraints on arbitrary slices of the parameter space,

we show our limits for two particular projections: the mN − |UμN|2 plane, describing the heavy

neutrino properties, and the mZ′ − ε plane, describing 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 likelihood = 2.3, which produces

regions of exclusion at 90% C.L.
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Figure 5.11: Limits on the dark neutrino model for a scenario with a heavy dark photon, where cτ0
N is typically greater

than centimeters. On the left, we show the limits on |VμN|2 as a function ofmN and on the right on ε as a function of
mZ′ , choosing the remaining parameters according to benchmark (B). The MiniBoonE region of interest (ROI) is shown
as a large green area surrounding the benchmark point in 223.

Figure 5.11 shows the limits for the heavy case. When the two parameters on the plot are varied,

all the others are kept fixed at their benchmark values. In the plot on the left, vertical lines have a

constant lifetime, while horizontal lines have a constant upscattering rate. By folding in the geomet-

rical acceptance seen in fig. 5.6, we can explain the shape of the curves seen in the plot. 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 re-

gion from 221. T2K data strongly constrains these particles as explanations of the MiniBooNE excess

but does not entirely rule them out for sufficiently short lifetimes. Similar conclusions can be drawn

from the plot on the right: diagonal lines parallel to the edge of the excluded region have a constant

lifetime, while lines more or less perpendicular have a constant upscattering rate (which scales like
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∼ ε2/m4
Z′). A complete discussion on the implications of models predicting this type of signature

as a function of the production rate and the lifetime is extrapolated in section 5.4.
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Figure 5.12: Limits on the dark neutrino model for a scenario with a light dark photon, whereN decays are prompt. On
the left we show the limits on |VμN|2 as a function ofmN formZ′ = 30 MeV and on the right on ε as a function of
mZ′ formN = 100 MeV. We show the allowed region from Ref. 221 on the left. Limits on the light and visible dark
photon have been obtained from 281. Sentence about the little islands

Constraints on the light case are much less powerful with this analysis because Analysis-II is

background-dominated and Analysis-I at short lifetimes requires scattering in the GArTPCs, which

have a tiny active mass. Nevertheless, these constraints are interesting and show how even a tiny

mass of argon, about 17 kg, can provide limits with a zero-background analysis. Future iterations

of these searches from the T2K collaboration will be able to set much more powerful constraints,

benefitting from a larger dataset, an upgraded detector, and dedicated analyses.

Complementarity of the ND280 sub-detectors

In the heavy mediator case, both the scattering in the P∅D and in the argon contribute significantly

to the constraints, but in different regions of the parameter space. Scattering in the gaseous argon

is rare because of the low density. However, it is the most powerful component in constraining the

shortest lifetimes since it is where the fiducial volume of the analysis is contained. Figure 5.13 shows

our constraints, as in Figure 5.11, splitting the limits into the contribution from the GArTPCs
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and from the P∅D. Between mN = 0.1 GeV and mN = 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 con-

strained only by prompt decays of heavy neutrinos produced inside the argon and is, therefore, less

constrained. In the right plot, we show the dark photon parameter space, where, despite the larger

upscattering rate at smaller Z′ 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.
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Figure 5.13: Limits for the heavy Z′ case, as shown in Figure 5.11, splitting into the two regions where upscattering
happens in the GArTPCs or the P∅D. On the left, the argon provides wider limits because it is sensitive to shorter life‐
times. These limits, however, do not go as deep into mixings as the P∅D because of a smaller active mass. On the right,
the P∅D excludes a well‐defined range of lifetimes, complementary to the top‐left corner excluded by the argon, at a
shorter lifetime and larger rate.

In the light mediator case, we combine Analysis-I and Analysis-II, considering upscattering hap-

pening 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 Figure 5.14.

Model-independent constraints

The reasoning sparked by studying fig. 5.11 motivates a more model-independent study by probing

constraints from Analysis-I on the heavy Z′ case as a function of the two central ingredients: the

upscattering rate and the proper lifetime. First, we look at the exclusion as a function of the proper
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Figure 5.14: Limits for the heavy Z′ case, as shown in Figure 5.12, splitting into the two regions where upscattering
happens in the FGD or the GArTPCs.

lifetime cτ0, shown in the top-left plot of fig. 5.15. In this study, all parameters are fixed to the heavy

benchmark point, while we vary |VN|2, or cτ0 equivalently. We exclude the lifetimes cτ0
N ≲ 3 cm

and cτ0
N ≳ 4 × 103 cm, although the latter limit is not interesting as it would be too long-lived

to explain MiniBooNE. The first threshold of cτ0
N ≲ 3 cm would require |VN|2 > 1, which is

unphysical. However, a different model predicting the same final state with the same number of

events and this lifetime would be excluded.

We extend this statement to constraints on the plane upscattering rate (x-axis) and proper lifetime

(y-axis), shown in the top-right plot of fig. 5.15. This upscattering rate contains all the efficiencies

except for the geometrical effect, meaning all events that, if decayed into one of the TPCs, would

be measured in Analysis-I. The region on the right side of the curves is excluded. The shape and

location of the curves depend exclusively on mN, as heavier masses result in a lower rate because of

the higher threshold and a smaller boost, probing only longer lifetimes. The bottom plot shows a

zoom of the lower-left portion of the exclusions curves. The dots here corresponds to the lines of

the previous figure, while the dashed lines show best-fit curves using a well-motivated functional

form:

cτ0
min =

α[cm]

log10(event rate)− β
, (5.32)
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Figure 5.15: Top left: The expected number of events in Analysis‐I after the complete selection as a function of the
proper decay length ofN, cτ0, for the heavy Z′ benchmark point. The blue band represents the uncertainty as ob‐
tained using Equation (5.31). Once we fix all the other parameters in the model, there is a bijection between cτ0 and
|VN|2, as shown on the top x‐axis. However, |VN|2 is physical only in the region allowed by Equation (5.11), shaded in
orange. Besides very long‐lived heavy neutrinos, we exclude most of the physical region. The minimum lifetime we ex‐
clude is 0.3 cm, although our model cannot generate such short lifetimes for this combination of parameters. Top right:
Model‐independent constraints in the 2D plane of proper lifetime cτ0 and upscattering rate after all selections but the
geometrical one, for different values of the heavy neutrino mass and fixed value ofmZ′ = 1.25 GeV. The excluded
region is on the right of the curves. At first order approximation, differentmZ′ values result in different event rates
without affecting the kinematics of the decay. However, different values ofmN result in different production thresh‐
olds 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.

where α and β are free parameters. It can be derived by assuming a point-like source of heavy neu-

trinos 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 × (e−z/βγcτ0 −

e−(z+d)/βγcτ0
). We are considering the region of the smallest lifetimes we exclude, so cτ0 ≪ z, and
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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 re-written as C = e−z/βγcτ0 , with

α = z/βγ and β = f(C) as free parameters, with f a certain functional form. It can now be inverted

to obtain eq. (5.32). 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 con-

stant, 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. While this

functional form is limited and cannot replace the complete study, it provides a model-independent

benchmark, which can easily show the size of the constraints resulting from this analysis for an arbi-

trary model without needing a complete analysis.

Outlook

As previously discussed in 182,183,1, the gaseous Argon (GAr) Time-Projection-Chambers (TPCs)

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

identified. In this work, we showed that combining the high-density material in the P∅D detector

with the low-density TPCs downstream is even more powerful. The former enhances the produc-

tion of new particles in neutrino-nucleus scattering due to the large mass of lead. At the same time,

the latter provides a desirable volume to search for charged final states. In addition, the magnetic

field allows for improved identification of ℓ+ℓ− pairs even at the smallest opening angles and ener-

gies.

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 scat-

tering signatures involving the emission of on-shell dark bosons 282,238,239,240,241,242,243. We expect

different signal selection efficiencies for these models, especially those that better fit the MiniBooNE
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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 a full reconstruction simulation by the collaboration

to overcome the simplifying assumption in this work of energy-independent signal efficiencies. 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 phe-

nomenology community.

In the context of modern accelerator experiments, this method will constitute a valuable tool

for phenomenologists to explore rich dark sectors. It will also be synergetic with the latest progress

in building neutrino-nucleus Monte Carlo generators capable of simulating new physics pro-

cesses 283,284,285. With these latest tools, the user can proceed to build their kernel density estimator

and perform confidence interval studies across a much broader region of parameter space with

relative ease.

Interesting future directions include applying our methodology to searches for new physics out-

side the context of short-baseline anomalies. Attractive models include decay-in-flight signatures of

multiple light dark particles. These are predicted in models such as higgsed low-scale U(1) symme-

tries, co-annihilating dark matter models, and other heavy neutrino sectors with new interactions.

We hope our method will speed up the exploration of the large-dimensionality of these models

when searching for their experimental signatures at experiments like the Short-Baseline Neutrino

program at Fermilab 286,287, atmospheric neutrino experiments like IceCube and KM3NET 288, as

well as future high-intensity long-baseline experiments like DUNE 289 and Hyper-Kamiokande 290.
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Part III

Light Sterile Neutrino Explanations
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6
The Micro Booster Neutrino Beam

Experiment

The existence of a light sterile neutrino with a mass of ∼ 1 eV has been proposed as the

most straightforward interpretation of νe appearance and disappearance at baselines much shorter

than usual neutrino oscillations. However, there are strong tensions between the interpretations of
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different experimental results under this hypothesis. Even for the case of MiniBooNE, the best fit

under the light sterile neutrino model does not explain the data sufficiently well. For this reason, the

community considers the light sterile neutrino model an essential benchmark model. However, if

realized in nature, it must contain some additional ingredients.

I spent most of my Ph.D. as part of the MicroBooNE (Micro Booster Neutrino Experiment)

collaboration. MicroBooNE is a neutrino experiment located at Fermilab. Its main physics goal is

the investigation of the excess of events above the standard model expectation, as observed by Mini-

BooNE, referred to as Low Energy Excess (LEE). In this chapter, I will introduce the MicroBooNE

experiment, its technology, and setting up the stage for the LEE searches.

6.1 From Mini to Micro

MiniBooNE and MicroBooNE differ by more than just a name, but maybe less than three orders

of magnitude. They are placed along the same beamline, the Booster Neutrino Beam 291,292 (BNB),

and at about the same distance from the target, where neutrinos are produced. Both experiments

also benefit from the off-axis beam from the Neutrino from the Main Injector (NuMI) beamline.

Figure 6.1 shows a picture of the neutrino facility, with superimposed lines illustrating the proton

storage rings and the neutrino beamlines, as well as the location of the experiments and the office

building. While MiniBooNE set out to reproduce LSND excess with the same baseline and detector

technology while varying the distance and the energy, MicroBooNE sets out to investigate Mini-

BooNE excess with the same beam and distance while using a different technology. MicroBooNE is

a liquid argon time projection chamber (LArTPC), which makes use of argon at cryogenic temper-

ature as the target and detector material. Thanks to its mm-level resolution, MicroBooNE should

be able to gain more insights into the MiniBooNE excess by reconstructing and distinguishing indi-

vidual final state particles. However, to compromise on the cost of this new technology, the design
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Figure 6.1: An aerial view of the Fermi national laboratory, its accelerator complex, and the short baseline experiments
MiniBooNE, circled in green, and MicroBooNE, circled in yellow. The Booster Neutrino Beam (orange) originates from
the Booster storage ring and serves MiniBooNE and MicroBooNE on‐axis. While serving primarily long‐baseline neu‐
trino experiments, the Neutrino from the Main Injector beamline (light blue) provides some off‐axis flux to MiniBooNE
and MicroBooNE. Most neutrino scientists are lodged in the offices in Wilson Hall, a peculiar building that stands out
against the other buildings in the lab. Picture taken using Google Earth.

empowers a smaller detector than MiniBooNE, hence the name Micro. While MiniBooNE is a

spherical Cherenkov detector consisting of 818 tons of active material (mineral oil, mostly CH2), the

MicroBooNE detector is an 85-ton active mass, measuring 2.56 m, 2.33 m, and 10.36 m, along the

drift direction (x), the vertical direction (y), and the beam direction (z), respectively.

The two pictures in fig. 6.2, obtained during the assembly in 2014, show the cylindrical cryostat,

with the photomultiplier (PMT) system on the side (left picture), and the moment when the TPC

was inserted in the cryostat, before sealing and filling it with argon. The following sections describe

the process from the production of neutrinos to the data used for the analysis.
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Figure 6.2: After being sealed in 2015, the cryostat has never been opened again. The picture on the left shows the
inner part of the cylindrical vessel, with the PMT system sitting on the right side. In contrast, the picture on the right
crystallizes the delicate moment of the insertion of the TPC and the field cage into the cryostat.

6.2 Turning protons into neutrinos

MicroBooNE is located along the BNB, while it can also benefit from the off-axis NuMI, which

primarily targets MINOS, MINERvA, and NOνA. The cartoon in fig. 6.3 describes the process of

turning protons into neutrinos. The Booster is a 450 m-circumference storage ring, accelerating

protons to an energy of 8 GeV. Protons are then extracted and made to collide with a beryllium

target of 71.2 cm, about 1.75 interaction lengths. As a result of this collision, secondary mesons,

mostly pions and kaons, are produced. A focusing horn produces a magnetic field that focuses

charged particles of one sign while deflecting out the opposite charge. Focused mesons are allowed

to decay in an empty region of about 100 m, producing neutrinos. Typically, charged pions are the

most abundant mesons, and because of helicity suppression, νμ are the most abundant neutrinos.

The sign of the mesons’ charge determines if the beam is mostly made of neutrinos or antineutrinos.

Typically, the running mode selecting mostly neutrinos is called ν−mode or forward-horn-current

(FHC), while the opposite is called ν̄−mode or reverse-horn-current (RHC). The flux is given in

units of neutrinos per surface area, energy bin, and protons of target (POT), which is a measure-

ment of the integrated exposure collected to the neutrino beam collected by a given experiment,
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Figure 6.3: The Booster accelerates protons up to 8 GeV and stores them until they hit a beryllium target, where
mesons, mainly pions, and kaons, are produced. The magnetic horns focus positively charged particles into the decay
pipe while deflecting away mesons with opposite charges. Meson decays result in neutrinos which travel through the
dirt undisturbed, while an absorber stops mesons at the end of the decay pipe.

analogous to the concept of luminosity for colliders. The resulting flux is shown in the left plot of
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Figure 6.4: Fluxes of neutrinos per POT, energy, and surface area, as seen by MicroBooNE from the BNB (left) and NuMI
(right) beamlines, in neutrino mode. Different lines refer to different neutrino components. Despite being in neutrino
mode, the muon antineutrino component is more predominant than the electron neutrino component.
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fig. 6.4 for the case of FHC, which is what MicroBooNE employed for the data taking. The flux is

dominated by νμ and ν̄μ, with contamination of νe at the 0.5% level. Despite being small, the νe flux

constitutes a major background for any search for νe above the standard model expectation. The sec-

ond important point is that the flux peaks at energies of the order of 800 MeV. As discussed in more

detail later, at this energy, the most probable charged-current interaction process is quasi-elastic,

scattering against a single nucleon inside a nucleus. The right plot shows the off-axis flux from the

NuMI beam in FHC mode. Interestingly, the νe contamination is significantly larger. This is be-

cause most νe are produced by decays of charged kaons K± → ν̄ee±, which is a larger Q value than

the pion decay. This Q value can be used as transverse momentum with respect to the meson direc-

tion, resulting in a larger angular spread than for νμ for charged pion decay. Therefore, selecting the

off-axis flux enhances the relative contribution of νe with respect to νμ. Moreover, the typical neu-

trino energy of the off-axis flux from the NuMI beam is similar or smaller to the BNB case, which

seems counter-intuitive because the NuMI beam relies on more energetic protons (20 GeV), which,

in turn, should result in more energetic mesons and neutrinos. While this statement is valid on-axis,

the fact that MicroBooNE is significantly off-axis significantly reduces the observed energy spec-

trum, making it comparable to the BNB and valuable for additional sideband studies.

6.3 From invisible to visible

Neutrinos are invisible until they undergo a hard scattering interaction, whose resulting particles

can be detected and measured.

Let’s start with the description of all the processes happening in MicroBooNE, from the fastest

to the slowest, following the cartoon in fig. 6.5. First, the hard scattering interaction takes place

in a super-short timescale of a zs = 10−21s, roughly the timescale associated with a transferred mo-

mentum of 1 MeV. Any highly unstable particle decays on the spot, like π0 or Ks, while metastable
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Figure 6.5: Between a neutrino interaction and the next time a beam spill crosses the detector, many different pro‐
cesses happen in the detector over different timescales. While scattering happens over a zs, particles take some ns to
propagate through the detector and ionize argon atoms. Scintillation light has two components: a fast one, of the order
of a ns, and the slow one, of the order of a μs. A μs is also the distance in time between the first and the last neutrinos
crossing the detector within the same bunch, also known as beam spread. The electrons produced through ionization
require a timescale of ms to drift to the wire planes. 200 ms afterward, another bunch of neutrinos will cross the detec‐
tor again.

particles, like muons, charged pions, and Kl, can propagate through the detector together with sta-

ble particles. After exiting the nuclear medium, they travel at speeds of the order of the speed of

light, covering distances of O(10 cm) in timescales of O(1 ns). While traveling through the detector,

charged particles release energy to argon atoms, exciting atomic levels or ionizing them. In O(1 ns),

argon atoms create metastable states called dimers. Dimers are also produced by the recombination

of free electrons and ions. When decaying, dimers produce the first detectable signal of the neutrino

interaction: scintillation light. Depending on the spin configuration, the dimer decays in O(1 ns)

(fast light) or O(1 μs) (slow light). This light has a wavelength of 100 nm and is shifted to visible

light by a coating applied to the PMTs. While the slow light is emitted, the other neutrinos, pro-
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duced in the same bunch, cross the detector. The typical spread of a bunch is at the scale of 1.6 μs.

However, because only one of every 600 bunch crossings results in a neutrino interaction in Mi-

croBooNE, it is improbable that two neutrinos from the same bunch interact. The superposition

of multiple neutrino interactions is much more likely to happen in the future experiment SBND,

which is about four times closer to the beam production. Finally, the remaining electrons that did

not recombine with nearby ions drift towards the anode through an electric field of 273.9 V/cm.

The drift velocity is of the order 0.11 cm/s, which is why this process happens on a timescale of sev-

eral ms. From the moment of a trigger, data is recorded for 3.2 ms after and an additional 1.6 ms

before to fully measure cosmic rays that intercept the detector. While drifting, the electrons induce

signals on the wires of the two induction planes and are collected by the collection plane. The beam

has an average repetition rate of about 5 Hz: eventually, about 200 ms later, another bunch will

cross the detector, and this entire process will start again if another neutrino happens to interact

with the argon.

6.4 From 3D to 2D, and from 2D to 3D

Projecting neutrino interactions in 2D

Figure 6.6 illustrates how the TPC measurement projects the deposited charge onto three two-

dimensional pictures (only two projections are shown for simplicity). The drifted ionization charge

from particle interactions is read out by three wire planes spaced 0.3 cm apart, with a 0.3 cm wire

spacing, oriented vertically for the collection plane (Y plane), at 60◦ for the first induction plane (U

plane), and −60◦ for the second induction plane (V plane).

The projection happens because each wire integrates all the charge deposited in the direction par-

allel to the wire, and samples in the perpendicular direction, the drift direction, at different times.

Let’s consider the case of the collection plane, with wire oriented along the vertical direction ŷ. Any
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Figure 6.6: In this schematic representation of the MicroBooNE LArTPC, a neutrino interacts in the detector, producing
two charged particles in the final state. While drifting towards the anode, the ionized electrons induce waveforms on
the wire planes, displayed for the V and Y planes. Figure taken from147.
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charge deposited simultaneously, on the same wire, but at different y will be integrated and cannot

be distinguished. Thus, if we look at the 2D plot of the deposited charge as a function of wire num-

ber (horizontal axis) and time (vertical axis), we can see a 2D projection of the 3D charge onto the

ẑ− x̂ plane. It is the case of the third image of the first row of fig. 6.7. Blue means no charge, while a

redder color corresponds to a larger charge. Let’s consider the corresponding diagram in the second

row. We see the schematic representation of the two particles (blue and orange) and their measure-

ment in the ẑ − x̂ plane. The two induction planes, oriented at ±60◦ with respect to the collection

plane provide projections over the 1/2ŷ±
√

3/2ẑ− x̂ planes. Notice that the three blue and orange

traces share the same vertical coordinates, from start to end, because the drift axis x̂ is shared among

the three planes. This simple observation is the seed for the 3D reconstruction.

Figure 6.7: The three wire planes record the deposited charge in the form of images, projecting the 3D space onto three
different planes. The three planes share the vertical axis x̂, the drift direction, while the horizontal axis is a linear combi‐
nation of the ŷ and ẑ directions. The two particles produced in this neutrino interaction are schematically represented
with the blue and the orange line, matching their signatures across the three planes.

142



3D reconstruction

A TPC with a single wire plane would not be able to perform a 3D reconstruction; two wire planes

could be enough but can still contain degeneracy, while three retain enough information for a

proper 3D reconstruction.

MicroBooNE relies on three different reconstruction frameworks: Pandora 199, WireCell, and a

Deep-Learning-based method. I will introduce the first one as it is employed in the rest of this the-

sis. Pandora algorithmically reconstructs a 3D image of the detector in terms of 3D objects called

PFParticles, or simply reconstructed particles. The objects are reconstructed hierarchically through

Figure 6.8: The Pandora pattern recognition framework reconstructs the event in a set of objects hierarchically ar‐
ranged. 2D hits are organized into 2D clusters associated with each PFParticle, with an associated 3D vertex, a set of
3D space points, and a track or a shower object. Each PFParticle is part of a hierarchy of particles: it can be associated
with a parent and multiple daughters. This figure is taken from199.

the process schematically illustrated in fig. 6.8. The deconvolved signals on the wires are fitted with

Gaussian shapes to identify 2D hits 293, or simply hits: charge depositions at a given time on a given

wire. Nearby 2D hits are clustered in 2D clusters, and clusters on different planes that share the

same time span are matched to obtain a PFParticle. A PFParticle is defined by its 3D points, called

SpacePoints, and its vertex. A PFParticle can be further reconstructed as a track or as a shower,

which is the next chapter’s topic. Eventually, PFParticles are arranged in a hierarchical structure,

where each particle can have a Parent and multiple Daughters. For example, the electron produced

by the muon decay at rest, often called Michel electron, is successfully reconstructed and is orga-
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nized as the daughter of the PFParticle associated with the muon.

The other two reconstruction techniques in MicroBooNE rely on deep learning and com-

puter vision algorithms, treating the data like images 200,201, and on the tomographic WireCell

approach 202, which reconstructs charge depositions in three dimensions.
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7
Identifying neutrinos: tracks and showers

We see neutrinos through the particles emerging from their interactions. In

order to tell the type of neutrino involved in the interaction and the process that occurred, it is es-

sential to identify the type of particle producing the signature. Metastable and stable particles with

significant electromagnetic interaction, either charged particles or photons, leave a signature in the

TPC which allows their reconstruction and identification. These particles are commonly classified
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as tracks or showers, depending on their signature. Tracks are characterized by straight lines, while

showers by a more scattered profile. Tracks are the signature or particles that lose energy primarily

through ionization, such as muons, charged pions, or protons. Showers are the images of electro-

magnetic showers produced by particles that lose energy primarily through bremsstrahlung and pair

production, like electrons and photons. The classification between tracks and showers is performed

by the Pandora reconstruction framework by means of a multivariate analysis that accounts for the

shape of the charge depositions. In most MicroBooNE analyses, PFParticles with scores < 0.5 are

classified as showers, while PFParticles with scores > 0.5 are classified as tracks. Noteworthy, at

typical MicroBooNE energies, between hundreds of MeV to few GeV, hadrons do not produce

hadronic showers. However, thanks to the high resolution, if a LArTPC like MicroBooNE were to

be operated at larger energies, the different particles produced in hadronic showers could be recon-

structed individually.

The central topic of this chapter is particle identification (PID), which is the determination of

the particle type given its calorimetric measurement. It is performed by studying the profile of the

ionization density dE/dx along the particle trajectory, which is obtained from the measurement of

the deposited charge and the reconstructed trajectory.

Tracks exhibit a peak in the ionization density (Bragg peak) when close to stopping, which differs

in shape for different masses, allowing the distinction between particle types. Interactions of neu-

trinos in the GeV energy range in liquid argon lead to comparable rates of muons, charged pions,

and protons, making the classification between these particle species important. In section 7.3, we

will focus on the binary classification problem of distinguishing muons from protons. As pions and

muons have very similar masses, the calorimetric separation of these two particle species is extremely

challenging. Attempts to distinguish pions from muons rely on the identification of the decay prod-

ucts and are not yet very effective. Moreover, while calorimetric measurements are independent of

the sign of the charge, this is not true for decay products, as π− and μ− can form bound states and

146



undergo weak interactions with the argon nuclei. Kaons are instead very rare (approximately 0.1%

of the events in MicroBooNE are predicted to contain a kaon), and their classification is beyond the

scope of this work.

For showers, we instead look at the beginning of the track, and LArTPCs provide two leverages.

First, if we can identify the interaction vertex, we expect an electron shower to be attached to the

vertex, while a photon shower would be detached by a distance of the order of the conversion dis-

tance, which is about 26 cm in LAr. Second, the beginning of the electromagnetic shower produced

by an electron should be compatible with the ionization density of a single MIP particle, while the

case of a photon shower should be compatible with the ionization density of two MIP particles, as

the shower starts with the conversion of the photon into an e+e− pair.

The left panel of fig. 7.1 shows the collection plane projection of a muon neutrino charged cur-

rent (νμCC) interaction, in which two track-like particles are produced. These tracks are classified

as one proton and one muon, the two most common track-like particles in MicroBooNE, differ-

entiated by the different amounts of energy deposited per unit length at any given point in their

trajectories. The right panel shows the collection plane of an event where three different electromag-

netic showers are produced. By measuring the ionization density at the beginning of the shower,

and the distance between the vertex and the shower start point, these particles are identified as one

electron and two photons, compatible with the signature of a νeCC π0 event.

In this chapter, we discuss calorimetric reconstruction and its subtle angular effects. We per-

form high statistics data/Monte Carlo comparisons of calorimetric variables, resulting in a complete

overview of the accuracy of the modeling of the calorimetry in MicroBooNE. In turn, we develop

a tailored correction of the simulation as a function of geometrical variables and a new method for

track classification that overcomes the limitations of the previous state-of-the-art. This new method

is generally applicable to any present and future liquid argon time projection chamber with a wire

readout and some of these ideas can be extended to pixel readout too. The code to compute the new
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BNB data, Run 5272, Event 2069 BNB data, Run 8897, Event 4646

Figure 7.1: Examples of raw images of a neutrino interaction in MicroBooNE as recorded on the collection plane. The
deposited charge (color scale) is shown as a function of wire number (x‐axis) and time (y‐axis). Left: Example of a νμCC
interaction with two tracks in the final state, identified as one proton and one muon. Right: Neutrino interaction con‐
taining three electromagnetic showers, which are identified as one electron and two photons, compatible with the
signature of a νeCC π0 event.

experimental quantity used for track classification and to evaluate its performance is open source,

and can be found on github.*

We also discuss shower classification, based both on vertex-shower distance and on the measure-

ment of the ionization density at the beginning of the shower, and attempts to improve it in the

future.

7.1 Calorimetric reconstruction and angular effects

This section provides a deep understanding of the calorimetric reconstruction and its dependence

on the angle the particle was traveling when depositing the charge.

Coordinate system, pitch, dQ/dx and dE/dx

Building up from the discussion in section 6.4, we now introduce the relevant coordinate system for

calorimetric reconstruction. The coordinate system is plane-dependent, considering the way a given

wire-plane projects the 3D charge into 2D pictures. The relevant directions are the drift direction x′,

* github.com/nfoppiani/calorimetry_likelihood.
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common to all planes, the direction parallel to the wires y′, and the one perpendicular to the wires

z′. We can summarize the coordinate transformation as

x′ = x, y′ =



1/2y+
√

3/2z plane = U

1/2y−
√

3/2z plane = V

y plane = Y

, z′ =



−
√

3/2y+ 1/2z plane = U

√
3/2y+ 1/2z plane = V

z plane = Y

. (7.1)

Using these coordinates, we extract a measurement of Δx, i.e.the distance over which the charge

measured in a hit was deposited, which is essential to estimate the ionization density dE/dx. Assum-

ing the particle trajectory is locally straight, we obtain Δx as

Δx = 0.3 cm /| cos(γ)|, (7.2)

where 0.3 cm is the wire spacing and γ is the three-dimensional angle between the local direction of

the track and the vector that connects adjacent wires (also called wire-pitch direction), as illustrated

in the right panel of fig. 7.2. The angle γ ranges between 0 and 180 degrees, while Δx takes values

between 0.3 cm and infinity. γ can be understood as the zenith angle of the coordinates in eq. (7.1),

and together with the azimuthal angle ϕ′, can be measured as:

γ = arccos
(
u′z
)

and ϕ′ = arctan
(
u′y/u′x

)
(7.3)

where û′ = (u′x, u′y, u′z) is the unit vector describing the local direction in the rotated frame of the

wire-plane under consideration.

Because the calorimetric reconstruction in the TPC is symmetrical for particles going away or

towards the anode, up or down, downstream or upstream the beam direction, i.e.u′x → −u′x, u′y →

−u′y, and u′z → −u′z that can be performed independently, we consider only one octant of the full
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angular space, taking the absolute value of û′ = (|u′x|, |u′y|, |u′z|) for eq. (7.3). Furthermore, while

not directly affecting the measurement of dE/dx, the probability distribution of dE/dx depends on

ϕ′, as discussed in the next subsection.

From this measurement, we can extract dQ/dx as ΔQ/Δx. This quantity can be converted to

a measurement of dE/dx using a non-linear function, shown in the right panel of fig. 7.2, which

accounts for the recombination of electron and ions 294,295.

The local charge density is measured as dQ/dx= ΔQ/Δx, and is converted to dE/dx accounting

for the recombination of electrons and ions, using the non-linear function shown in the right panel

of fig. 7.2, as taken from 295. This function is based on the Inverse Modified Box Model, and can be

parametrized as follows:

dE/dx =
exp(β ∗Wion ∗ dQ/dx)− α

β
(7.4)

where α = 0.93, β = 0.212/(ρE), ρ = 1.396 g/cm3, and E = 0.273 kV/cm, and Wion =

23.6 × 10−6MeV/e−.
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Figure 7.2: Left: A sketch of the relevant directions and angle in the calorimetric reconstruction. The orange and blue
arrows represent two possible particle trajectories with different gamma angles and different local pitch values, repre‐
sented by their lengths. Black solid lines represent wires, spaced 0.3 cm apart. The dashed lines are perpendicular to
the wire‐pitch direction, and make evident the connection between the angle γ andΔx, through eq. (7.2). Right: the re‐
combination model used by MicroBooNE allows to convert dQ/dx in e−/cm into dE/dx in MeV/cm. This graph shows
a plot of eq. (7.4).
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ACPT selection

Anode or Cathode Piercing Tracks (ACPT) constitute a golden sample to perform detailed calori-

metric studies. This is a high-purity sample of cosmic muons which cross either the cathode or the

anode. While for most cosmic rays it is not possible to know the exact location along the x-axis, as

it is degenerate with the time at which they cross the detector, by matching these tracks with the

induced flash of light, it is possible to measure their spatial location and assure they cross detector,

avoiding contamination with stopping muons. In Data Beam OFF, they are selected in the beam

window, while in the overlay, they are simulated in the beam windows using Corsika, overlaid, as

usual, with events recorded with the unbiased trigger. ACPT candidates are selected by matching a

flash in the beam window with a crossing muon candidate. The selection requires downward going

tracks, with a length of at least 20 cm, which has an efficiency of about 97% in both data and sim-

ulation. These samples have been used effectively for multiple calorimetric studies, as they provide

a high statistics sample of through-going relativistic muons, which are, with very good approxima-

tion, minimum ionizing particles, with a constant average dE/dx. Figure 7.3 compares the data and

Monte Carlo for the geometrical properties of these tracks. Discrepancies are at the ten percent

level, which is why we need to carefully account for them in the following studies.

These tracks are employed in the rest of the section to study angular effects and to derive tailored

corrections for the calorimetric reconstruction in the Monte Carlo simulation.

Angular effects in calorimetric reconstruction

While a calibration applied early on in the analysis pipeline accounts for non-uniformity in space

and between data and Monte Carlo 294, which are typically related to small discrepancies in the gains

of the digital-to-analog converter units, the calorimetric reconstruction is non-isotropic, i.e.it ex-

hibits a dependency on the angle. When measuring calorimetric information in a LArTPC, the fact
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Figure 7.3: Distributions of geometrical properties (length, zenith angle θ, azimuthal angle ϕ) for selected anode cathode
piercing tracks (ACPT), comparing the data with the simulation.

that the charge is drifted along a particular direction (drift direction) and projected on wire planes

with different orientations makes the calorimetric reconstruction angle-dependent. Both dE/dx

and the precision with which it is measured depend on the direction of the ionization trace left by

the particle, even in a ”perfect detector”, absent of detector effects and angle-dependent detector

response non-uniformity. The dependence appears primarily through the angle γ, and because it re-

lates directly to the local pitch through a bijective function (eq. (7.2)), γ and local pitch can be used

interchangeably.

Measured dE/dx, even with a perfect detector, is angle-dependent because of intrinsic statistical

fluctuations in particle energy loss, which impact the probability density function of measurements
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Figure 7.4: Left: the distribution of dE/dx depends on the local pitch, as statistical fluctuations average out over longer
distances, plot taken from 296. Right: the most probable value of the dE/dx distribution increases with the pitch as
predicted by the theory (orange), and measured in MicroBooNE using cosmic ray data (blue).

when averaged over different travel distances (different local pitch). A dE/dx distribution, typically

described by a Landau function for small local pitch values 297, becomes narrower at larger local

pitch, and its most probable value moves to higher dE/dx values while its average remains constant.

This general geometrical effect applies to all LArTPCs, and it is shown in the left panel of fig. 7.4.

We expect variations of the order of 10% while moving from 0.3 cm to 1 cm, as illustrated in orange

on the right panel of fig. 7.4. This effect is present in MicroBooNE ACPT data, as seen in the blue

line, although with a significant difference. In fact, the reconstruction chain, from the signal in-

duced on the wires to the measured ionization density, affects the shape of the distribution, causing

a significant shift in the peak value. As a result, the shape of the dE/dx distribution, and not just

the peak, also depends on the local pitch. Figure 7.5 illustrates these effects as measured with Mi-

croBooNE ACPT data. The left plot shows the shape of the dE/dx distribution for different small

local pitch values, where the peak of the distributions shifts towards larger dE/dx values for larger

local pitch, varying by 4% in the low local pitch range (between 0.3 cm and 0.7 cm). The width of

the distributions increases at a larger local pitch because the finite precision introduced by the detec-

tor smears out the distribution more than the predicted shrinking induced by geometrical effects.
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Figure 7.5: Normalized distributions of dE/dx for different local pitch in the low‐local pitch regime (left) and over the
entire local pitch spectrum (right), as measured on the collection plane in a sample of cosmic muons tracks in the Micro‐
BooNE data.

The right plot shows analogous distributions integrated over a wider range of local pitch values,

illustrating a major change in the shape of the distributions at very large local pitch. The distribu-

tions for larger local pitch values show a second peak at smaller dE/dx values, populated by particles

traveling parallel to the drift direction or the wire orientation.

It is well documented that the shape of the signals induced on the wires by the drifting charge, in

ADC counts vs time, depends on the particle direction 298,299, appears very different at lower local

pitch (< 0.7 cm) compared to larger local pitch (> 0.7 cm), impacting hit reconstruction and mak-

ing measurements more precise at lower local pitch. Figure 7.6 shows how the shapes of the signals

on the first induction plane varies for different value of θxz and θy, which describes the angular direc-

tion in a different coordinate system. While it is still not fully understood how this effect translates

to the distributions of the reconstructed dE/dx, it is clear how signals induced by particles traveling

at large pitches differ from the most typical signals. The cartoon in fig. 7.7 illustrates how particles

traveling parallel to a single wire (ϕ′ ∼ 90deg) induce high amplitude signals because all the charge

is deposited at the same time on the same wire, while particles traveling orthogonal to the wires

(ϕ′ ∼ 0deg) induce signals which are long in time. For the latter case, the Gaussian hit-finding

process is not sufficient. Therefore, such signals are fit by a sum of Gaussian shapes, for which the
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Figure 7.6: The shape of the signals induced on the wires depend on the direction of the particle at the moment of the
charge deposition, in two qualitatively different ways for the two angles that describe the particle’s direction. Plots
taken from 298.
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Figure 7.7: Signals generated at high local pitch induced unusual signals on the wires, with different shape depending if
the high local pitch is obtained by traveling parallel to the wires or in the normal direction.

overall number of hits, their positions, and their amplitudes are free parameters. The width is fixed

to reduce the degeneracy of the problem. The total deposited charge is therefore segmented into

multiple hits, leading to an underestimation of the hit charge and resulting in smaller dE/dx val-

ues. These small and somehow non-physical values of dE/dx encountered at large local pitch are
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only mildly correlated with the true dE/dx, bringing little additional information and degrading the

particle identification performance.

Despite being quantitatively evaluated with MicroBooNE data, this effect applies more generally

to LArTPCs with wire-plane detectors and has two main consequences. First, because individual

charge depositions are the basic ingredients for track classification, if wrongly simulated, this angular

effect introduces systematic biases in the selection of tracks as a function of the angle. Second, com-

paring the measured dQ/dx value, drawn from such distributions, to the mean value obtained from

the Bethe-Bloch function results in a sub-optimal classification, especially in angular regions where

these effects are the most prominent. The next two sections tackle these two questions.

7.2 Re-calibration

Good data/simulation agreement in the dE/dx distributions is essential in order to ensure that PID-

related cuts have the same impact on data and simulation.

The re-calibration is a correction applied to the simulation in order to match the data in the

dQ/dx distribution. It is called re-calibration because it is applied on top of the normal calibra-

tion, tailored to the Pandora eLEE analysis. Plans to extend it to the standard analysis framework are

undergoing.

In this re-calibration, we compare the distribution of dQ/dx between data and simulation using

a sample of ACPT in bins of angular variables and derive multiplicative factors to be applied to the

simulation to better match the data. We compare the distribution of dQ/dx rather than dE/dx as

the re-calibration tries to address data/simulation discrepancies associated with measurements of

drifting charge that are independent of possible effects of recombination mismodeling. As the mea-

sured dE/dx is a bijective function of the measured dQ/dx, the only difference between a correction

factor on dQ/dx or dE/dx arises from the non-linearity of this function.
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The distributions seen in fig. 7.5 are the basis for this correction. However, only considering

the dependence on the angle γ, is an approximation, as it encapsulates most, but not all the angu-

lar dependence. For example, fig. 7.7 sketches two different trajectories at a very high local pitch,

which however induce very different signals. Including the azimuthal angle ϕ′, that, together with

γ, uniquely describes the 3D trajectory, breaks this degeneracy, and separates the two peaks in the

dE/dx distribution seen at large local pitch in fig. 7.5. Thanks to the large sample size of the ACPT

dataset, we take into account both the local pitch and the azimuthal angle ϕ′.

Comparing the data with the simulation

The first step is to compare the data with the Monte Carlo in the distribution of dQ/dx at the hit

level.

We divide the local pitch- ϕ′ plane into rectangular bins, separately per each wire plane. The bin-

ning (five bins in pitch and six bins in ϕ) is defined as follows:

• pitch: [0.3, 0.4, 0.7, 1., 1.5, 30] cm

• ϕ: [0, 0.26, 0.52, 0.79, 1.05, 1.31, 1.57]

Figure 7.8 shows the comparison in some of the bins. The data is shown in black dots, the Monte

Carlo in blue, while the orange line refers to the Monte Carlo after applying the correction, and will

be discussed later. Statistical uncertainties on these quantities are not shown for simplicity and can

be inferred by the level of fluctuations seen between points. Systematic uncertainties are not avail-

able for the ACPT sample, but they are not relevant for the discussion here. Detector uncertainties

are implemented as new samples with variations in the detector simulation or reconstruction, while

the purpose of this work is to improve the central value of the simulation. The first three rows show

hits from the collection plane. The peak moves to lower values and broadens while moving to the

larger values of the local pitch. When fixing the local pitch and changing ϕ′ from low values (tracks

157



on the horizontal plane) to large ones (tracks on the vertical plane) the agreement between the data

and the Monte Carlo improves (second row). This pattern is less present when observing very large

values of the local pitch (> 1.5 cm), as illustrated in the third row. However, the relative height of

the peaks at low and high dQ/dx values changes drastically. Most of the discrepancy seems to be

due to larger smearing induced by the detector resolution in the data rather than in the simulation.

Eventually, the last row on this graph compares the same bin in local pitch and ϕ′ among the three

different wire planes. While the two induction planes show a consistent behavior, both the mag-

nitude and the direction of the discrepancy, differ significantly between induction and collection

planes.

Fit for scaling factors

We perform a binned maximum-likelihood fit in each of the local pitch- ϕ′ bins in order to extract

the best multiplicative correction factor α:

(dQ/dx)corrected = α(pitch, ϕ)dQ/dx. (7.5)

Figure 7.9 illustrates the likelihood scan for some of these fits. The full sample has not been divided

into train and test sets, meaning that all the entries are used to derive these corrections. However, it

has been verified that there are no temporal differences within the samples and that by splitting the

sample, only some of the coefficients vary mildly because of statistical fluctuations.

The effect of the correction is visually shown in fig. 7.8 with the orange lines: the re-calibration

improves the agreement significantly. When residual disagreement is still present, it typically signals

a different width of the peak(s) between the data and the simulation and would require fitting an

additional smearing factor, or a more complex unbinned correction.
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Figure 7.8: Examples of dE/dx distributions, comparing the data (black dots) with the simulation before (blue) and after
(orange) applying the re‐calibration, for selected ACPTs, in bins of local pitch and ϕ′. First row: collection plane hits,
fixed local pitch at small value, varying ϕ′. Second row: collection plane hits, fixed ϕ′, varying local pitch. Third row:
collection plane hits, fixed local pitch at large value, varying ϕ′. Fourth row: the three different wire planes, fixed local
pitch and ϕ′.

Re-calibration summary tables

The result of these fits is summarized in Figure 7.10 in the form of three annotated 2D plots, show-

ing the re-calibration factor in each local pitch- ϕ′ bin, for the three wire planes. The fourth plot159
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Figure 7.9: Likelihood scans for the best multiplicative factors, scaling dE/dx measured in the simulation in order to
match the data. The best fit point is shown in orange.

illustrates the re-calibration factor if derived without binning in ϕ′, by fitting a single factor per bin

in local pitch. Roughly speaking, these factors should be comparable to the average of the factors

from the table, weighted with the relative abundance of particles in each ϕ′ bin. Remarkably, the

factors are positive for the induction planes and negative for the collection plane. While averaging

around 2 − 3% correction for the collection plane, the discrepancies on the induction planes reach

even 10% values at the larger local pitch. This study also justifies why, until now, most analyses do-

ing calorimetric reconstruction in LAr, even outside of the MicroBooNE, were reluctant to use the

induction planes.

Figure 7.11 illustrates the same improvement by showing the distribution of dQ/dx integrated

over all values of local pitch and ϕ′, with remarkable improvement across all three planes.
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Figure 7.10: Summary of the re‐calibration coefficients for each bin of local pitch and ϕ′, for the first induction plane
(top left), second induction plane (top right), and collection plane (bottom left). Re‐calibration coefficients derived in bins
of local pitch only (bottom right) for all three wire planes.

We acknowledge that this method has some limitations, and future work might improve above

and beyond. The first limitation comes from being a binned correction, developed with especially

coarse bins. An unbinned correction requires a larger effort, although it might be implemented

using machine learning techniques, and overcome the coarseness of the bins, which is dictated by

the limited statistics of the samples. Despite improving the agreement in every bin, the correction is

not perfect as it lacks an additional smearing effect. A more complex correction, perhaps including

smearing or a non-parametric correction, might be performed in a future iteration of this study.

Eventually, the discrepancies can in principle depend on additional variables, such as the position in

the detector. Including additional variables in a binned correction is not possible while preserving

the necessary statistics needed for effective re-calibrations.
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Figure 7.11: dE/dx distribution integrated over all directions, comparing the data (black dots) with the simulation
before (blue) and after (orange) applying the re‐calibration for the three wire planes.

7.3 Identifying Tracks - a new method

The second task is to account for the angular effect in the identification of tracks. Identification of

tracks relies on the dE/dx profile as a function of the residual range, the distance of given energy de-

position within the track from the endpoint of the track itself. This work describes the limitations

of current methods, and how a deeper understanding of the calorimetric reconstruction in Micro-

BooNE led to a new and improved method for track classification.
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A primer to calorimetry-based classification

Typical particle identification methods condense calorimetric information into a test statistic used

to distinguish different particle species. The dE/dx profile is compared with the expectation for

different particle hypotheses to choose the hypothesis that best matches the data. The hypothesized

dE/dx profile is computed by integrating the Bethe-Bloch function for a given particle mass and

charge.

A common test statistic is the Χ2-like variable under the proton hypothesis, defined as

X2
proton =

∑
i

(dE/dxi − dE/dxtheory(rri|m = mproton))
2

σ2 (7.6)

where i runs on the hits along a specific cluster, rri is the residual range for hit i, dE/dxtheory could

either be the mean value of the most probable value for a specific pitch, and only its residual range

dependency is considered, and σ is a typical resolution value for dE/dx, sometimes taken as 10%.

This approach is unsatisfactory for a series of reasons. For example, there are many arbitrary param-

eters, like what expected value from theory should be picked, or what mass should be considered.

If we want to distinguish protons from muons, we could consider both the proton or the muon

hypothesis, or even the kaon hypothesis, but it is not clear which one should give the highest sepa-

ration power. Moreover, a constant value for σ2 does not capture the complexity of the dE/dx dis-

tribution, which depends on many different parameters. Eventually, we can obtain this test statistic

individually for each plane, but the collection plane is typically used because of the better resolution.

However, the induction planes can provide important information, especially when the signals on

the collection plane do not carry important information, e.g.at high pitch. To summarize, despite

utilizing the relevant physics, this approach is suboptimal because it is not derived in a principled

way. It fails to properly account for the intrinsic statistical nature of dE/dx, as well as the angular
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dependencies, which also affect the shape of the dE/dx distribution. Moreover, as local pitch values

are different on different readout planes, combining the three wire-plane measurements ensures that

the calorimetric information provided by the LArTPC in the entire 4π solid angle is fully leveraged

for the purpose of performing particle identification.

The dE/dx probability density function

The dE/dx probability density function (PDF) for each particle type is the basic ingredient of the

likelihood calculation. In principle, the average dE/dx as a function of the residual range could be

estimated by integrating the Bethe-Bloch function before applying detector reconstruction. How-

ever, a complete characterization of the dE/dx distribution requires an analytic description of the

intrinsic fluctuations of the ionization energy loss and the effect of the detector reconstruction.

This is challenging given the very long computational time required and because there is no straight-

forward way to derive an analytic description of the detector reconstruction. The dE/dx PDF is

instead estimated from the MicroBooNE simulation which incorporates all the described effects, as

demonstrated in the data/simulation comparisons in section 7.4.

The PDF is estimated through a three-dimensional histogram of dE/dx, residual range, and local

pitch. The binning is defined as follows:

• dE/dx: [0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 5.5, 6, 6.5, 7, 7.5, 8, 9, 10, 12, 15, 20, 25, 30, 35,

40, 45, 50,∞] MeV/cm

• residual range: [0., 2, 4, 7, 10, 15, 20, 30, 50, 100, 300,∞] cm

• local pitch: [0.3, 0.6, 1, 1.5, 3, 30,∞] cm,

to have a number of entries large enough so that statistical fluctuations in the estimate of the PDF

are not important while being fine enough to distinguish all the features of the PDF. The his-
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Figure 7.12: Expected dE/dx distributions for muon (blue) and proton (orange) hits. The top row shows distributions
on the collection plane, with a fixed value of local pitch, and three different values of the residual range. The middle row
shows distributions on the collection plane, with a fixed value of the residual range, and three different values of local
pitch. The bottom row shows distributions on the three wire planes, with a fixed value of residual range and local pitch.
As expected, the peak dE/dx value reduces at a higher residual range, passing from 11 MeV/cm to 5.75 MeV/cm,
and to 4.25 MeV/cm across the three bins under consideration for protons.

togram is normalized so that for each combination of values of residual range and local pitch, the

integral of the dE/dx distribution sums to one, providing an estimate of the conditional PDF

p(dE/dx|residual range, local pitch) that is not informed by the underlying kinematics of tracks.

This procedure is repeated for each plane and for two particle species, namely muons and protons.

The histograms are filled with hits associated with well-reconstructed tracks produced in simulated

neutrino interactions. These tracks are required to be complete, meaning that more than 90% of

the true deposited charge is reconstructed. They are also required to be pure, meaning that more

than 90% of their reconstructed charge was deposited by a single particle. The tracks are also re-

165



quired to be contained within a fiducial volume, where both the start and end points are at least 20

cm away from the boundaries of the TPC. Moreover, each particle is required to have no associated

daughter, to reject particles that undergo hard-scattering. Lastly, for each plane, we exclude the first

and last hit from the calculation. Although they could provide additional important information,

especially when it comes to the last hit, the charge measured could be significantly underestimated

with respect to the expectation. This happens when the particle stops without covering the entire

space over which the wire measuring the last hit integrates the charge. In such a case, the effective

Deltax where the charge was deposited would be smaller than inferred, but there is no way to deter-

mine that.

The dE/dx PDF is visualized through three series of examples in fig. 7.12: in each row only one

of the three parameters (residual range, local pitch, and plane, respectively) is varied while keeping

the other two fixed. The PDF changes considerably, showing, for example, a reduction of the dE/dx

of the peak value at a higher residual range and an increase of the width at a higher local pitch, justi-

fying the need for such a construction as a function of these three variables.

In order not to bias the evaluation of the method, only 90% of the available data is used to con-

struct the PDF, while the remaining 10% is kept as test set to study the performance of the method.

The likelihood ratio test statistic as PID score

Using the PDF previously constructed, the likelihood of any particle hypothesis can be computed

for each reconstructed track. Interactions of neutrinos in the GeV energy range in liquid argon lead

to comparable rates of muons, charged pions, and protons, making the classification between these

particle species important. However, this work focuses only on the binary classification problem of

distinguishing muons from protons. As pions and muons have very similar masses, the calorimetric

separation of these two particle species is not addressed in this paper, and pion tracks will appear

as muon-like by means of this algorithm. Kaons are instead very rare (approximately 0.1% of the
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events in MicroBooNE are predicted to contain a kaon) and are omitted in this work.

The likelihood for a track is computed starting from the single-hit-likelihood:

Lhit(type|plane, dE/dx, rr, local pitch) = p(dE/dx|type, plane, rr, local pitch), (7.7)

where p stands for the PDF, type refers to muon or proton and rr stands for residual range. The

local pitch is measured locally, and it is generally different for each hit associated with the same track,

because of changes in track trajectory due to multiple Coulomb scattering. The plane is included

because the PDFs are significantly different for the different planes. The single-plane-likelihood is

computed by taking the product of the single-hit-likelihood for each hit on a given plane:

Lplane(type|plane, {dE/dx}i=1,...,N, {rr}i=1,...,N, {local pitch}i=1,...,N) =

N∏
i=1

Lhit(type|plane, dE/dxi, rri, local pitchi), (7.8)

where i = 1, ...,N indexes the hits on the plane under consideration. The three-plane-likelihood,

which is the likelihood for the entire track, is then computed as the product of the single-plane-

likelihoods for the three wire planes.

The likelihood defined this way is an approximation as it neglects correlations between the charge

measured on different wires and planes. However, fluctuations of the hit charge are in general corre-

lated among wires on different planes, as they record the same charge through different projections.

Moreover, the induced charge on neighboring wires and correlated noise introduce additional corre-

lations between the charge recorded on different wires on the same plane 298,299. Modeling these cor-

relations is in general complex, as they depend on the geometry on a track-by-track basis. Neglecting

such correlations and using an approximation of the likelihood makes the method less optimal, and

may result in a loss of separation power. A possible discrepancy between the data and the simulation
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for the values of dE/dx, which are the inputs of the PID method, could introduce a systematic bias.

Moreover, someone might argue that this method relies more strongly on the simulation than previ-

ous methods, making it more sensitive to systematic biases due to an imperfect simulation. While it

is true that systematic biases emerge from an imperfect simulation, any test statistic is making use of

the same data, with the same discrepancies. For example, it is not correct to argue that this method

relies on the simulation while the X2
proton on the theory, implying the latter is less sensitive to system-

atic biases. The reason is that once defined, any test statistic is simply a deterministic function of

the observables, calorimetric measurements in this case. As long as the same function is applied to

both the data and the Monte Carlo, the test statistic will only propagate the discrepancies from the

observables. However, some test statistics, like this method, make use of more information from the

observables than others, like X2
proton, and might therefore result in stronger systematic biases than

other test statistics*. However, as shown in the plots in section 7.4 where the data and the simula-

tion are compared, there is no evidence of significant systematic biases. The Monte Carlo is accurate

thanks to the precise simulation of the signals induced on the wires 298,299, and to the tailored re-

calibration of the dQ/dx distribution in angular bins, as discussed in section 7.2. And lastly, the

impact of possible systematic biases is evaluated through a study of detector systematic uncertain-

ties, as discussed later in the following subsection.

The likelihood is then used to compute the likelihood ratio test statistic, which is employed to

perform the classification task:

T = L(muon)/L(proton), (7.9)

where either a single-plane-likelihood (eq. (7.8)) or the three-plane-likelihood can be considered.

The binary classification problem of distinguishing protons from muons has the likelihood ratio

*A trivial example is a test statistic which assigns a fixed value independently of the observable, therefore
exhibiting no difference between data and Monte Carlo.
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as the most powerful statistical test, as proven by the Neyman-Pearson lemma. It provides the largest

classification efficiency for any given value of the misidentification rate.

For computational purposes, in the rest of article, instead of T, the PID score P will be consid-

ered, defined as:

P =
2
π
arctan (log(T)/100). (7.10)

Computing the logarithm of T is convenient as it reduces to a sum of log-likelihoods rather than a

product of likelihoods. This bijective non-linear transformation of T does not change the separa-

tion power of the method, but it constrains the value of the PID score P , otherwise unbounded,

between −1 and 1, making it easier to display.

Implementation and lookup tables

An essential part of the implementation of this method lies in storing the PDF values and defining

rules to access them at the analysis stage, possibly in a fast way.

First, we rearrange the calculation of eq. (7.9) using the log-likelihood ratio of each hit:

log(T) = logL(muon)− logL(proton) = (7.11)

=

Nhits∑
i=0

log p(dE/dx|muon, planei, rri, pitchi) (7.12)

−
Nhits∑
i=0

log p(dE/dx|proton, planei, rri, pitchi) = (7.13)

=

Nhits∑
i=0

(
log p(dE/dx|muon, planei, rri, pitchi)− log p(dE/dx|proton, planei, rri, pitchi)

)
=

(7.14)

=

Nhits∑
i=0

t(dE/dx|planei, rri, pitchi)) (7.15)
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where t is the log-likelihood ratio for a single hit, i runs over all hits associated with the particle, ei-

ther on a single plane or on multiple planes. As a result, we only need to store the difference between

the logarithm of the probability density function of protons and muons.

Some problems can arise in this process. For example, let’s consider a hit {dE/dxi, rri, pitchi}

that ends up in a bin in which the probability density function has no muon entries. It can happen

because of the limited Monte Carlo statistic. As a result p(hiti|muon) = 0 while p(hiti|proton) ̸=

0, which produces t(hiti) = log p(hiti|proton)− log p(hiti|muon) = ∞. This would be problem-

atic, as one hit would unequivocally determine the classification of the particle. Therefore, we de-

cided that every bin for which either the proton or the muon PDF contains no entry, gets a default

value t = 0, effectively neglecting the contributions of the hits in those bins to the classification.

The t values are stored through a lookup table, which enhances the speed of the calculation at

the inference stage. It differs from a hierarchical structure, like a dictionary, in the sense that ac-

cessing each element is guaranteed to be O(1). Figure 7.13 illustrates this concept with a cartoon.

The values are stored in a long array, with a rule that determines where the values for a given bin in

residual range or local pitch begin and end. They are ordered so that the first value is the left-most

bin in dE/dx, in the first bin of local pitch and residual range. The subsequent x numbers are the

other bins in dE/dx. Then we switch to the following bin in local pitch and repeat for all local pitch

bins keeping fixed the first bin of the residual range. We eventually switch to the second bin in the

residual range and start and iterate the entire process. If we wanted to extend to a larger number of

parameters, it would require only a trivial addition of one variable. Finding the correct bin where a

value belongs is O(nbins), not as powerful as O(1). However, if we used a dictionary of dictionaries

of dictionaries, the full processes would require O(n3
bins).
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Probability content in different bins of dE/dx,
with fixed residual range and pitch

Bins in 
residual 
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Different 
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Figure 7.13: Cartoon showing the structure of a lookup table for this problem, in an exemplified case with four bins in
dE/dx (red), five bins in local pitch (green), and three bins in residual range (blue).

Performance of the particle identification

The performance of P is evaluated on a test sample of more than 20000 simulated protons and

muons, selected in the same manner as in section 7.3, with a small difference. To better mimic a real

case, we drop all the requirements which rely on the ground truth, namely the cut on the complete-

ness and purity. The sample contains inclusive neutrino interactions from the Booster Neutrino

Beam (BNB). Figure 7.14 shows the distribution of the new test statistic for muons, protons, and

for particles associated with cosmic ray muons. Muons populate the right side of the plot, protons

on the left side, and the population around zero is composed of particles for which there is too little

information to classify them. The population of protons at positive P is mostly related to protons

that undergo a hard scattering before stopping, and they are a subject of the next subsection. Par-

ticles associated with cosmic ray muons span the entire spectrum. Indeed, these particles are not

simulated, but rather measured by the detector with Beam OFF, and superimposed to simulated
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Figure 7.14: Distribution ofP for protons (blue), muons (orange), and particles associated to cosmic rays (green), se‐
lected from the test set, using the same criteria as in ...

neutrino interactions. While it is impossible to know the type of these particles at truth level, P

could help us classify them into muons from protons. A receiver operating characteristic (ROC)
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Figure 7.15: Comparison of the proton/muon separation power of different PID scores. The left plot shows the ROC
curves on the entire sample, and the right plot shows the area under the curve (AUC) in bins of the track angle ϕ. The
blue curves refer to the proposed PID scoreP using three planes, the orange refers to the collection plane onlyP ,
whereas the green curves show the χ2 test with respect to the proton hypothesis. The purple vertical line on the left
plot slices the curves at a muon misidentification rate of 0.1, comparing the proton identification efficiencies of the
three methods at the same working point.

curve is calculated from the test statistics distributions for the two particle types and shown in the

left plot of fig. 7.15 for the three-plane P , for the collection plane only P , and for the χ2 test with

respect to the proton hypothesis, which represents the previous state of the art 294. The latter quan-
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tity, computed by comparing the data with the expectation from the Bethe-Bloch theory, has been

used in several previous MicroBooNE analyses and it is shown here as a reference for comparison.

The ROC curves show the proton efficiency as a function of the muon misidentification rate,

which is bounded between 0 and 1. For a given method, every possible cut value between −1 and

1 corresponds to a point on the ROC curve. The performance is quantified at the working point

with 10% of the muons misidentified as protons: the three-plane P provides 93.7% efficiency at

selecting protons compared to 83.4% for the collection plane only P and 81.6% for the χ2 test with

respect to the proton hypothesis. An overall measure of the separation power is defined using the

area under the ROC curve (AUC). When this metric is equal to 1, the variable allows perfect sepa-

ration at any working point, whereas a value of 0.5 represents a random guess. The three-plane P

scores an AUC of 0.977 compared to 0.955 for the collection-plane only P and 0.838 for the χ2 test

with respect to the proton hypothesis. The robustness of the quoted performance is tested against

detector systematic uncertainties. The performance is evaluated on a series of simulations with a

modified detector response to assess the detector systematic uncertainty. Figure 7.16 shows the ra-

tio of the ROC curves for the different simulated detector responses (more details in section 8.4)

relative to the central value (blue line in fig. 7.15). This leads to an uncertainty on the proton effi-

ciency of1.2% at 10% muon misidentification rate. The uncertainty on the AUC is 0.002 units for

the nominal value of 0.976. This uncertainty is dominated by the modeling of electron-ion recom-

bination. The statistical uncertainty on the efficiency and AUC determination is negligible. The

right plot of fig. 7.15 shows the AUC in bins of the azimuthal angle ϕ of the track, which describes

the direction of the track on the plane orthogonal to the beam direction: ϕ = 0◦,±180◦ identi-

fies the drift direction while ϕ = ±90◦ identifies to the vertical direction. Both plots illustrate an

overall improvement of the separation power with respect to the χ2 test with respect to the proton

hypothesis, and mitigation of the dependence of the performance on the track angle. Combining

the three planes improves the separation power in every angular region, especially for vertical tracks
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Figure 7.16: Systematic uncertainties associated with a mismodeling of the detector have a minimal impact on the
selection efficiency of tracks based on the three‐planeP . The ratio of the ROC curves obtained with samples with
different detector responses (one per line) to the central value (blue line in fig. 7.15) is of the order of a few percent
across the whole spectrum, aside from the first couple of points at very low muon misidentification rate, where the
selection efficiency is very small and relative fluctuation can be significant.

(ϕ ∼ ±90◦), where the collection plane is the least effective.

7.4 Identifying Tracks - physics applications

The following analyses were developed using data collected by MicroBooNE with the BNB during

winter and spring 2016. This data amounts to 4.8 × 1019 protons on target (POT). This data, in

which neutrino interactions are present, is labeled as DATA Beam ON. The prediction comes from

a combination of the simulation of neutrino interactions and data collected out of the beam win-

dows, labeled as DATA Beam OFF. Even in events where a neutrino interaction is present, O(10)

cosmic rays cross the detector on average. Instead of being simulated, cosmic ray waveforms are ac-

quired out of the beam window and overlaid with simulated neutrino interactions.
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Proton-muon separation for tracks recorded on data

The first test performed is to verify if the result obtained in the simulation in section 7.3 holds also

with neutrino data. Tracks are selected by requiring track-score > 0.5, a measurement of the like-

Figure 7.17: Distribution of the three‐planeP for neutrino‐induced tracks selected in data and simulation. The data
(black cross) shows the difference between the DATA Beam ON and the DATA Beam OFF, in order to remove the
contribution from non‐beam events. The simulation (stacked histogram) is normalized to the same number of events
observed in the data, and it is broken down for different particle species. In the case the particle selected in the simu‐
lation is an overlaid cosmic, it is assigned to the category ”cosmic”. The uncertainties shown on the data points are the
expected statistical uncertainties from Poisson counting.

liness of a reconstructed particle to be a track, with values ranging from 0 for shower-like particles

to 1 for track-like particles. Track-score is provided by the Pandora reconstruction. Tracks are also

required to be reconstructed within 5 cm from the vertex, and to be contained within a fiducial

volume, defined as the set of points that are at least 20 cm apart from every side of the TPC. Fig-

ure 7.17 shows the distribution of the PID score for these tracks, comparing the data (black cross)

with the simulation (stacked colored histogram). Protons, reconstructed with a low P , populate
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the left side of the distribution. These are well separated from lighter particles, such as muons and

pions, which populate the region at larger values of P . Tracks associated with cosmic rays are dis-

tributed along the whole spectrum, as they can be induced by cosmic muons or by protons kicked

out of the argon nuclei. A peak at P ∼ 0 is also present. These are short tracks, for which there is

too little information to discriminate between the two hypotheses. In fact, log(T) is additive for

each hit: the longer the track, the more hits, the larger log(T) and thus P can be. The simulation

reproduces the shape of the data, confirming the performance studied in the simulation. Two ad-

0 5 10 15 20 25 30 35 40
Residual range [cm]

0.0

2.5

5.0

7.5

10.0

12.5

15.0

17.5

20.0

dE
/d

x 
[M

eV
/c

m
]

MicroBooNE 4.05 × 1019 POT
muon MPV
@ local pitch = 1 cm
muon MPV
@ local pitch = 0.3 cm

0 10 20 30 40
Residual range [cm]

0.0

2.5

5.0

7.5

10.0

12.5

15.0

17.5

20.0

dE
/d

x 
[M

eV
/c

m
]

MicroBooNE 4.05 × 1019 POT
proton MPV
@ local pitch = 1 cm
proton MPV
@ local pitch = 0.3 cm

0.0

0.2

0.4

0.6

0.8

1.0

Figure 7.18: Collection‐plane dE/dx vs residual range profile for well reconstructed, contained, and low local pitch
tracks in data, identified as muon (proton) candidates on the left (right) plot. The profiles are compared to the most
probable values (MPV) as expected by the theory for the extremes of the range of local pitch under consideration (red
lines). The two plots are normalized to the maximum value in order to share a common color scale.

ditional plots (fig. 7.18) illustrate that P correctly identifies the Bragg peaks, in good agreement

with the theoretical prediction. Fully contained tracks, with track-score> 0.8 and collection plane

localpitch < 1 cm are selected in beam data events. The 2D distributions dE/dx vs residual range on

the collection plane, for muon-like tracks with pid > 0.5, and proton-like tracks with P < −0.5,

are plotted on the left and right of fig. 7.18, respectively. The two Bragg peaks are clearly visible and

distinct. This is possible because of the track local pitch requirement: selecting hits with a small

local pitch ensures dE/dx is measured properly, resulting in physical and meaningful values. The
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solid and dashed red lines show the theoretical prediction of the most probable value of the dE/dx

distribution for the extremes of the range of local pitch under consideration. The core of the data

distribution lies between the two bands, demonstrating good calorimetric reconstruction for small

local pitch.

Large collection-plane-local pitch tracks identified with the two induc-

tion planes

The following example illustrates the efficacy of combining the calorimetric measurements per-

formed with the three wire planes. Figure 7.19 shows the 2D distribution of dE/dx and residual

range measured on the U, V, and Y planes, for proton candidate tracks with large collection plane

local pitch. Proton candidates are required to be fully contained and to have a track-score > 0.8.

Proton-likeness is required through P < 0.5. The collection plane local pitch is required to be

> 1 cm: such tracks lie on the plane orthogonal to the beam, traveling in directions where the calori-

metric reconstruction is subject to large distortion. For this set of tracks, only the induction planes

exhibit the expected Bragg peak: combining the three planes recovers the separation power by cor-

rectly classifying protons whose calorimetric reconstruction is not accurate on one or more views.

Exclusive νμ selection

To further illustrate the separation power of P , a general νμCC selection targeting contained events

is performed, and the selected events are classified into different exclusive channels. Events are se-

lected similarly to the procedure in 300, adding a containment requirement for all tracks recon-

structed in the event by requiring the start and end points of each track to lie inside the fiducial

volume, as described in section 7.4. First, a muon candidate is chosen as the highest P track among

the tracks attached to the vertex longer than 10 cm. The top plot of fig. 7.20 shows the distribution
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Figure 7.19: 2D distribution of dE/dx and residual range measured on the three wire planes for tracks identified as
proton candidates in the data, with large collection plane local pitch.

of P for muon candidates, showing a good separation between muon and proton tracks. Selecting

only events with a candidate with P > 0.2 rejects most of the proton background, ensuring a pure

selection of νμCC interactions.

Among the νμCC candidates, events with one additional reconstructed track (two-track events)

are selected. If correctly reconstructed, they result predominantly from νμCC interactions with ei-

ther one proton and no pions (νμCC0π1p) or one pion and no protons (νμCC1π0p) in the final

state. In general, the former case predominantly (but not solely) results from quasi-elastic inter-

actions while the latter is largely produced by the decay of a Δ resonance. The PID score of the
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Figure 7.20: PID score distributions for the muon candidate track (top), the second track in events with two recon‐
structed tracks (bottom left), and the third track in events with three reconstructed tracks (bottom right). The DATA
Beam ON (black cross) is compared with the prediction based on the sum of the simulation of neutrino interactions
(stacked histogram) and DATA Beam OFF (gray bars). The selections are based on reconstructed quantities, while the
prediction is broken down into different categories based on true information. In the first plot, the different colors cor‐
respond to different particle types, while in the other two they correspond to different final states. The uncertainties
shown on the data points are the expected statistical uncertainties from Poisson counting, while the hashed patches on
the stacked histogram illustrate systematic uncertainties in the prediction related to the simulation of the neutrino flux
and interaction model.
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second track (bottom left plot in fig. 7.20) separates the two cases, with νμCC0π1p populating

the left side while the νμCC1π0p are located at positive values, because pions are indistinguish-

able from muons with this variable. By considering the events with P ≤ 0, we obtain a sample of

contained νμCC0π1p interactions with 61% purity and 40% efficiency. By applying the reverse

cut, P > 0, we have a background rejection of 98%, which provides the basis for a selection of

contained νμCC1π0p interactions. For this signature, the large cosmic ray background requires ad-

ditional tailored background rejection. With a similar methodology, events with two additional

reconstructed tracks (three-track events), are selected. Events with two protons and no pions in the

final state (νμCC0π2p), predicted to be mainly induced by meson-exchange current interactions

and final state effects, can be distinguished from events with one proton and one pion in the final

state (νμCC1π1p), produced by a resonance decay. Because the presence of a proton, identified by

a large negative P , is common to the two cases, the track with the largest PID score among the two

additional tracks (bottom right plot in fig. 7.20) is used to discriminate between νμCC0π2p, on

the left, and νμCC1π1p, on the right. The cut P ≤ 0 provides a sample of contained νμCC0π2p

interactions with 54% purity and 24% efficiency, while the reverse cut, P > 0, selects a sample

of contained νμCC1π1p interactions with 25% purity and 34% efficiency. In both cases, the back-

ground rejection is over 99.5%, emphasizing the difficulty of these selections, which could further

benefit from additional cut variables.

Demonstrating the classification of exclusive νμCC final states is a novel result for liquid argon

and stems from the potential of the new PID score. Future analyses will build on these examples,

eventually leading to precise and detailed neutrino cross-section measurements.

Re-interacting protons

Calorimetric-based classification assumes, and thus works best, with protons that stop through ion-

ization, forming a clear Bragg peak. However, especially for momentum larger than 1 GeV, protons
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Figure 7.21: Left: P has a non‐trivial dependency on the true proton momentum. Center: 2D distribution of the recon‐
structed track length vs the true proton momentum. Right: averageP in bins of track length and true proton momen‐
tum.

have a significant chance to undergo hadronic hard-scattering, resulting in broken tracks, which are

harder to reconstruct. In most cases, only the first segment is reconstructed, and its dE/dx profile

does not present a Bragg peak, as the end of the track is the hard scattering.

The right plot in fig. 7.21 shows the P as a function of the true proton momentum, for protons

in the test set. For very small momentum, the track does not produce enough hits to identify it. For

larger momentum, most entries present a negative score, close to −1. However, there is a population

in the opposite direction, which prefers the muon hypothesis. This is understandable if we consider

that the profile of a broken proton when missing the true Bragg peak, will likely be more compatible

with the Bragg peak of a muon rather than the one of a proton. The second plot shows the recon-

structed track length versus the true proton momentum. The proton momentum is measured from

the length of the track, so the vertical axis is equivalent to the reconstructed proton momentum.

Most particles lie along the main line, with a spread induced by the detector resolution. However,

there is a population of entries for which the reconstructed track length is significantly smaller than

the expected one for their proton momentum, which can be explained by hard scatterings breaking

the full expected track. If we plot the average P for the protons in each bin instead of the counts, as

shown in the third plot, we see that, along the main line and for track length ≤∼ 10 cm, the average

P is negative, while for the population of protons undergoing hard scattering, it is positive. For-

181



tunately, at MicroBooNE energies, they rarely constitute a significant population. However, they

might impact specific analyses or future experiments, and this work provides some foundation to

develop tailored tools to identify them.

7.5 Distinguishing Showers

Calorimetric measurements can also be applied to showers to distinguish showers initiated by pho-

tons from the ones initiated by electrons.

Shower objects

When a particle is classified as a shower, a shower object is constructed with important quantities

regarding the dispersion of the charge along the main axis of the shower, such as the opening an-

gle and the charge radius. However, the behavior that distinguishes electrons and photons is what

happens in the first few centimeters of the shower, where it is indistinguishable from a track.

For this reason, we run the track reconstruction at the beginning of showers, producing a track

object associated with the trunk of the shower. When the shower starts branching out, the track

fitter follows one branch until the shower is too complicated for the main branch to be resolved. We

can then obtain measurements of the local dE/dx and direction and apply calorimetric tools similar

to the ones developed for tracks.

There are two main handles to classify electron-induced from photon-induced showers, schemat-

ically illustrated in fig. 7.22. The first method relies in measuring the ionization density at the be-

ginning of the shower, which results from a single electron in the first case, and from a collimated

e+e− pair in the second case, producing a value more or less double. The second handle requires

measuring a gap between the vertex of the neutrino interaction, which is identified by other particles

produced in the interaction, and the beginning of the shower. While there is no gap for an electron-
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induced shower, a significant gap is the footprint of a photon that traveled some distance before

converting into an e+e− pair.

Gap between vertex 
and shower start

dE/dx of two mip particlesdE/dx of a single mip particle

Figure 7.22: Electron‐ and photon‐induced showers differ because of the gap between the vertex of the neutrino in‐
teraction, and because of the dE/dx at the beginning of the shower, which correspond to a single electron in the first
case, and to a collimated e+e− pair in the second case. These features are exemplified by the two representative event
displays.

dE/dx at the beginning of the shower

Electromagnetic showers in liquid argon are somewhat different depending on the energy. The left

plot in fig. 7.23 shows the true energy distribution for an unbiased sample of reconstructed elec-

tromagnetic showers in the MicroBooNE simulation, originated by electrons or photons. In the

following studies, in order to isolate physics effects from misreconstruction, we are considering only

well-reconstructed showers, for which the purity at the hit level is larger than 90%, the shower start

point is reconstructed in the fiducial volume and within 2 cm from the true start point. Photons are

typically produced in π0 decay and have typical energy of tens of MeV, while electrons result from
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νeCC interactions and have typical energy of hundreds of MeV. While the shower length depends

only logarithmically on the initial energy, the point of conversion varies significantly. As an exam-

ple, the right plot in fig. 7.23 shows the distribution of the dE/dx in the first 4 cm of the shower

for photon-induced showers with different energies. Both characteristic peaks, at 2 MeV/cm and

4 MeV/cm, are present, although the relative heights change with energy. Low energy photons
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Figure 7.23: Left: distribution of the ground truth energy for showers initiated by photons (orange), and electron (blue).
Right: normalized dE/dx distribution of the hits within 4 cm from the shower start point, for photon‐induced showers,
in different energy bins.

tend to be more electron-like from an experimental point of view. First, the Compton scattering

cross section is still larger than the pair production cross section up to tens of MeV. Figure 7.24

shows the probability that a photon undergoes pair production as a function of its energy, for dif-

ferent materials. To a good approximation, all the other interactions in this energy range result from

Compton scattering. In this case, the electromagnetic shower is induced by a single electron, thus

indistinguishable from a genuine electron from a neutrino interaction. Second, the chance of pro-

ducing low-energy electrons or positrons, that would stop after a very short distance and contribute

only to a few hits, is not negligible for low-energy showers. Unfortunately these effects play against

searches for low energy electron showers. The same effect is better visualized in fig. 7.25, showing

the 2D distribution of dE/dx, as measured on the collection plane, versus the distance from the

beginning of the shower, for electrons, on the left, and photons, on the right. While with electron
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Figure 7.24: The probability that a photon undergoes pair production grows with energy, with a shape depending on
the material the photon propagates in: the lighter the material, the less likely pair production with respect to other
competing processes, which, in this energy region, are dominated by Compton scattering. This figure is taken from301

(Fig. 33.17).
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Figure 7.25: Hit dE/dx, as measured on the collection plane, versus distance from the reconstructed start point, for
well reconstructed showers induced by electrons (left) and photons (right). While electrons showers contain hits mostly
around 2 MeV/cm, as produced by a single MIP particle, at least at the beginning of the shower, photons contain hits
at 4 MeV/cm, as produced by two super‐imposed MIP particles.

showers we measure a constant dE/dx ∼ 2 MeV/cm, photon showers exhibit a short region at

dE/dx ∼ 4 MeV/cm before most of the hits enter the 2 MeV/cm region. Surprisingly, this re-
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gion is only 4 − 5 cm long, while one might expect it to be of the order of the photon conversion

length, about 29 cm in Argon 302. In reality, it is relevant to know the distance after which at least

one among the electron and the positron survives without bremsstrahlung, which is half of the in-

teraction length for a single electron or positron. While this explains only partially why the region

is 4 − 5 cm long, it leaves room open for further exploration of the micro-physics happening in

MicroBooNE. We further decompose the right plot in fig. 7.25 in energy bins, as shown in fig. 7.26.
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Figure 7.26: The distance after which a well reconstructed photon shower stop containing hits at 4 MeV/cm depends
on the energy of the photon initiating the shower. The left plot in fig. 7.25 is split into three different energy bins: 0 −
100 MeV (left), 100−200 MeV (center), and 200− 1000 MeV (right). At low energy, only the first 2 cm contain hits
compatible with two MIP particles. This region extends to more than 5 cm at larger energies.

Showers at very low energy present only a few photon-like hits, only in the first 2−3 cm. The region

extends to longer distances when considering more energetic showers.

From this study we define the test statistic employed to distinguish electrons from photons as the

median of the dE/dx measurements in a range d̄ from the conversion point

< dE/dxd̄ >= meddi<d̄{dE/dxi}, (7.16)

and we will consider d̄ = 4 cm, as obtained from the right plot of fig. 7.25 The three plots in

fig. 7.27 illustrates the 2D distribution of the < dE/dxd̄ > for d̄ = 4 cm as a function of the

shower energy, across the three different planes. While this technique provides a low rate of false-

positive electrons misidentified as photons, the rate of false negatives, photons that are electron-like,

is considerable, especially at low energy. This feature does not change much across wire planes, aside
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Figure 7.27: 2D distribution of the median dE/dx in the first 4 cm and shower energy at truth level, for well‐
reconstructed photon showers across the three wire planes. While the two induction planes show similar distributions,
the collection plane better resolves the two horizontal lines at 2 MeV/cm and 4 MeV/cm, respectively. At low en‐
ergy, most photon showers show only a peak at 2 MeV/cm, in contrast with the behavior at larger energies, where the
peak at 4 MeV/cm is predominant.

from producing sharper distributions around 2 MeV/cm and 4 MeV/cm with the collection plane,

thanks to its higher resolution. Analogous plots for electrons would not be exciting, as it is unlikely

for an actual single MIP particle to produce the equivalent energy deposition of two MIP particles.

Lastly, the plot on the left in fig. 7.28 illustrates the distribution of the median dE/dx on the

first 4 cm, as measured by the collection plane, for the electron neutrino selection discussed in sec-

tion 8.3. Events induced by an electron neutrino are shown in green: as they result in an electron in

the final state, these events mostly populate the peak at 2 MeV/cm. The main background of this

selection, resulting from events with π0 in the final state (light blue), makes up most of the peak at

4 MeV/cm, as the selected showers are induced by final state photons in this case. However, while

most electrons are in the first peak, and only the tail contaminates the second, a non-negligible frac-

tion of photon showers ends up in the peak at 2 MeV/cm, in agreement with the previous discus-

sion. Moreover, the agreement between the data and the simulation is within the uncertainties,

justifying its use in the selections targeting electron neutrinos. Together with the track identification

score P , this is one of the essential experimental quantities employed in these selections.
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Vertex - start point distance

The second vital handle to distinguish electrons and photons relies on reconstructing the whole

event rather than the property of a single particle. While electrons release energy through ioniza-

tion as soon as they are produced, photons are invisible until they Compton scatter or convert into

an e+e− pair. For this reason, the distance between the beginning of the shower and the vertex of

the event, also known as conversion distance, is a good handle to distinguish electron-induced from

photon-induced showers. The plot on the right in fig. 7.28 shows the distribution of the conversion

Figure 7.28: LArTPCs provide two main handles to distinguish electron‐induced from photon‐induced showers: the
energy deposition at the beginning of the shower and the estimated photon conversion distance. The first is quantified
through the median of the dE/dx values along the initial 4 cm of the shower trunk (left plot), while the second one is
by taking the distance between the vertex of the neutrino interaction and the start point of the shower (right plot). Both
variables distinguish electrons (green) from photon showers, primarily present in events with π0 (light blue), and show an
excellent agreement between the data and the simulation.

distance in a sideband of the electron neutrino selection (section 8.3), enriched with events con-

taining π0 (light blue). This plot allows a characterization of the typical conversion distance, of the

order of 10 cm, and shows the power of this variable to isolate events with electrons in green, which

are only present in the first few bins. Finally, the simulation reproduces the data remarkably, making

this experimental quantity reliable for the selection.

188



A likelihood-based method to identify showers

We perform a preliminary study on improving the calorimetric classification of showers by adapting

the technology developed for tracks in section 7.3 to showers. In this case, the local pitch still plays

a role, as the angular effects in calorimetric reconstruction are analogous to track-like particles, as

they do not depend on the nature of the particle that released energy. However, the residual range is

not meaningful: instead the range, i.e.the distance from the start point, is helpful, as demonstrated

by fig. 7.25. Figure 7.29 shows PDFs of dE/dx for electrons and photons, analogous to fig. 7.12.

In the first row, we fix the distance from the start point between 1 cm and 2 cm and vary the local

pitch, while in the second row, we report examples with local pitch between 0.3 cm and 0.6 cm for

different values of the distance from the start point. As observed for tracks, the peaks are sharper

at smaller local pitch and smear out while moving at larger local pitch. The peak at 4 MeV/cm for

photons is predominant at a small distance from the start point, becoming fainter further away, as

seen in fig. 7.26.

Figure 7.30 illustrates the distribution of two classification variables: the median dE/dx in the

first 4 cm on the collection plane, as defined in eq. (7.16), and the new P variable obtained by ap-

plying the same methodology discussed in section 7.3 to the shower case, for showers originated

by electrons and photons. A significant fraction of showers does not have any associated collection

plane cluster, making the classification impossible if relying only on the collection plane. On the

contrary, P always shows meaningful values, peaking close to −1 for photons and +1 for electrons.

The performance is further evaluated by computing the different methods’ ROC curves and the

AUC. The left plot in fig. 7.31 shows the ROC curves for the new methods employing the collec-

tion plane only, the two induction planes only, and all three wire planes, in comparison with the

median dE/dx on the collection plane. The new method outperforms the well-established median

calculation even when using only the collection plane, especially at working points that guaran-
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Figure 7.29: Analogously to fig. 7.12, we built the expected dE/dx distributions for electron (blue) and photon (orange)
hits. All plots are for the collection plane only. The first row shows the same bin in distance while varying the local pitch,
while the second row has a fixed local pitch, and the distance from the start varies.

tee a small number of misidentified showers. The same information is further illustrated in the

right plot, which shows the AUC in bins of the actual value of the shower energy. The improve-

ment is remarkable over the entire energy spectrum, but especially in the medium energy range.

While showing encouraging results, the method requires further validation using data; therefore,
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Figure 7.30: Both the median dE/dx over the first 4 cm on the collection plane (left) and the likelihood basedP (right)
provide important information for classifying showers into electrons (blue) and photon (orange). Both distributions are
normalized to the same area. While the median dE/dx over the first 4 cm shows an unphysical peak at negative values,
which contains all particles that do not have an associated cluster on the collection plane, the newP does not suffer
this problem, separating electrons at positive values and photons at negative values.
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Figure 7.31: In analogy to fig. 7.15, we compare the performance of the new scoreP with the median dE/dx in the
first 4 cm using ROC curves and the AUC metric. The plot on the left shows the ROC curves integrated over the entire
energy spectrum, while the plot on the right shows the AUC binned in the true shower energy. The new method out‐
performs the median dE/dx, especially in specific regions of misidentification rate and shower energy, even employing
only the collection plane.

it is not employed in the rest of the analysis. However, this work sets the ground for an improved

electron/photon classification which future iterations of the searches for electron neutrinos, both in

MicroBooNE and other LArTPCs, will benefit from.
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8
The quest for electron neutrinos

This chapter describes a search for an excess of electron neutrino charged current in-

teractions (νeCC) over the predicted interaction rate of the νe component of the beam. It is per-

formed by targeting final states without pions and using the Pandora reconstruction framework, as

described in section 6.4. The signal model is constructed in order to benchmark sensitivity to po-

tential new physics that results in an excess of νeCC interactions that could explain the MiniBooNE
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excess. The experimental signature MiniBooNE observed, assuming that the excess of electromag-

netic events is induced by final states electrons, should contain no pion, as pions would produce an

additional visible signature in the MiniBooNE detector. Given MicroBooNE’s capability to dis-

tinguish single protons, the analysis is split into the 1eNp0π and 1e0p0π channels, requiring the

presence or the absence of protons, respectively. The selection of events employs a preselection,

common to both channels, followed by multivariate analyses based on boosted decision trees (BDT)

and tailored for each targeted final state. Since electron neutrino interactions are only 0.5% of the

total neutrino interactions, in turn, overwhelmed by the cosmic ray background, these analyses aim

at a very pure selection, compromising in terms of signal efficiency. Different sources of systematic

uncertainties are considered, associated with the neutrino flux, cross-section modeling, or detector

simulation. This analysis is performed with data collected between February 2016 and July 2018,

summing up to a total exposure of 6.86 × 1020 POT, which corresponds to the first three operation

run periods. In order to minimize the risk of biasing the analysis result, the analysis strategy follows

a blind scheme. Only a small fraction of the data, about 4.54 × 1019 POT POT from Run 1 and

9.43 × 1018 from Run 3*, was available for the development of the analysis.

A combined analysis employs the νμCC analysis as a way to constrain and reduce the impact of

systematic uncertainties in the νe channels, a procedure known as νμ constraint. The physical inter-

pretation and consequences of this analysis are discussed in chapter 9.

8.1 Interaction processes and final states

LArTPCs are powerful detectors because they allow the reconstruction of individual final state

particles and the full characterization of the event, bringing neutrino detector technology closer to

collider detectors. Depending on the momentum transferred between the neutrino and the nucleus,

*The main difference between Run1 and Run3 consists of better treatment of the noise of the electronics
and the installation of a cosmic ray tagger (CRT) which improves the suppression of cosmic ray background.
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Figure 8.1: The charged current, neutrino‐nucleus cross section, for muon neutrinos, normalized by and as a function of
the incoming neutrino energy. Figure taken from303.

the interaction can undergo different processes and produce very different final states. Figure 8.1

shows a plot of the muon neutrino-nucleus charged current cross section as a function of the in-

coming neutrino energy Eν, split for different interaction processes and integrated over the momen-

tum transferred to the nucleus, as taken from 303. The cross section is normalized to the neutrino

energy, as at first-order approximation, it grows linearly with the neutrino energy. Although the

muon neutrino-nucleus charged current cross section is a specific case, the features of this plot are

the same as for neutral current interactions or scattering of electron neutrinos.

At energies Eν ≲ 1 GeV, most interactions are quasi elastic (QE). The momentum transferred

is enough to resolve and scatter individual nucleons within the nucleus. The nucleus can be con-

sidered free, as the typical binding energy is of the order of 10 MeV, much smaller than the typical

momentum transferred. The interaction can be approximated as elastic between the neutrino and

the nucleon, which can be considered free. The quasi comes from the fact the final state particles are

different than the initial state ones, as the neutrino converts into a lepton, while a neutron converts
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into a proton or vice-versa. However, the mass difference between initial and final state particles

is much smaller than the typical momentum transferred, making the elastic approximation good

enough when it comes to the theoretical calculation.

At intermediate energies Eν ∼ 1−2 GeV, the interaction between the neutrino and a nucleon can

result in resonance excitations (RES). The most common one is Δ, with a mass of about 1232 MeV,

which, depending on the charge, can decay to neutral or charged pions. Moreover, the neutrino can

scatter against a correlated nucleon-nucleon pair, a process called meson exchange current (MEC).

As a result the scattering νl + np → l+ 2p is possible, which results in a two-protons final state.

At larger energies, the neutrino can exchange enough momentum to resolve individual quarks

within each nucleon, a process called Deep inelastic scattering (DIS). These interactions result in the

fragmentation of the nucleus and the formation of multi-hadron final states. Because of the large

energy required, these interactions are rare in MicroBooNE, both with the BNB and the NuMI

beam. Most interactions are QE, with a significant contribution from RES.

However, this description of different scattering processes and final state particles is an approx-

imation valid only for light nuclei. Particles produced in the nucleus travel through the nuclear

medium before exiting. During this process, they can re-interact with the nucleons and gluons,

undergoing final state interactions (FSI). FSIs are more important with larger nuclei and can signif-

icantly affect the visible final state particles, for example, by changing the number of protons and

pions that effectively exit the nucleus and are visible in the detector. FSI modeling is far from per-

fect, motivating analyses that are robust against mismodeling, for example, by measuring inclusive

final states or a series of complementary exclusive final states.
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Figure 8.2: Left: the signal model employed in the eLEE search, as a function of the true neutrino energy, is obtained by
rescaling the intrinsic flux by a factor varying between∼ 1 at E ∼ 600 MeV to∼ 5 at E ∼ 200 MeV. Right: relative
contributions of the different final states to the total νeCC rate, as a function of the true neutrino energy. The white area
below the dashed red line represents the contribution from the eLEE signal model.

8.2 Signal model

The signal model is constructed empirically in order to benchmark the sensitivity to new physics

models that could explain the MiniBooNE excess with the presence of additional particles in the

beam. Future iterations of this analysis will look more carefully at a light sterile neutrino model,

including not just νe appearance but also νe and νμ disappearance. This model assumes that the

MiniBooNE excess is induced by an additional component of νe in the beam,. It is indistinguish-

able from the intrinsic νe component of the beam, aside from the true energy spectrum. The signal

is constructed starting from the data published by MiniBooNE in the 2018 result, using the follow-

ing process, and it is shown in the left plot of fig. 8.2. The data containing the excess is subtracted

from all backgrounds except for the intrinsic νe component of the BNB. Using MiniBooNE’s elec-

tron neutrino energy smearing matrix, it is unfolded to obtain the best estimate of the true νe energy
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spectrum. The ratio between this spectrum (red histogram) and the intrinsic νe component of the

BNB flux at MiniBooNE (blue histogram) provides energy-dependent weights that can be used to

scale up the intrinsic νe component of the BNB flux at MicroBooNE to the signal expectation, as

shown in the right plot of fig. 8.2. The filled histogram shows the intrinsic νe component, split into

different final states, identified by the three different shades of green. The red line illustrates the ex-

pectation under the MiniBooNE LEE model, obtained by rescaling the filled histogram with the

weights shown in the ratio plot of the plot on the left. As expected, most events fall in the low en-

ergy region, where most interactions are QE, thus producing either one or no visible proton in the

final state. Systematic uncertainties on this signal related to the unfolding are not estimated, as they

would require a combined analysis between MiniBooNE and MicroBooNE to properly account for

all the correlations in the flux and cross-section modeling and, therefore, beyond the scope of this

analysis. Finally, although this signal model is unrealistic, it captures the correct order of magnitude

of the excess observed by MiniBooNE and propagates it to MicroBooNE. If the excess consists of

events with one electron in the final state, which are caused by the presence of some additional par-

ticles in the beam, the sensitivity to this signal should be comparable with the sensitivity to a specific

new physics model that explains the excess with this same final state. To account for this reasoning

and in order to not fully bias the selection towards the low-energy region, the analysis targets the

intrinsic component of beam as signal, and uses the MiniBooNE unfolded LEE signal only for esti-

mated the significance of a possible excess. This strategy explains why this analysis is often referred

to as a measurement of the intrinsic νe component of the beam.

8.3 Event Selection

The selection of neutrino candidates relies on the Pandora reconstruction framework, as discussed

in section 6.4 and on the tools developed for particle identification, as illustrated in chapter 7.
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Because MicroBooNE is located on the surface of the Earth, it is continuously crossed by a large

number of cosmic rays, mostly muons. Their rate overwhelms the rate of neutrino interactions by

several orders of magnitudes. On average, about six thousand cosmic rays cross the detector every

second, while about one in a thousand beam spills lead to a neutrino interaction in the active vol-

ume of the TPC.

This fact produces two types of backgrounds: cosmic rays crossing the detector in time with the

1.6 μs beam spill, creating prompt scintillation light that triggers the recording of the event, and cos-

mic rays out of the beam spill, but within the 4.6 ms drift window, in events triggered by a genuine

neutrino interaction. The first category is a few times larger than the rate of neutrino interactions

and consists of events where no neutrino interaction is present. The second background is present

in every event triggered by a neutrino interaction, as the TPC data always contains O(10) cosmic

rays that can mimic and shade the actual neutrino interaction.

All cosmic backgrounds are estimated from the data. Cosmic rays in time with the beam spill are

measured using the same trigger as beam data, but without the beam, and thus called Beam OFF.

Cosmic rays out of the beam spill are measured with an unbiased trigger over a 4.6 ms window, and

overlapped to simulated neutrino interactions.

In order to tackle these two backgrounds, the preselection stage combines optical and TPC infor-

mation in order to cluster charge into different slices and select the one which is most likely to come

from a neutrino interaction. Events with no slice compatible with a neutrino interaction are rejected

as cosmic in time background.

For the selected neutrino slice, the hierarchical Pandora reconstruction discussed in section 6.4

is performed, resulting in a list of reconstructed particles. The selection for the 1eNp0π and 1e0p0π

channels is performed by computing high-level variables and combining them into multi-variate

classifiers to reject the backgrounds in the most effective way.
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Preselection

In the first step of the preselection, Pandora groups the reconstructed particles into different slices,

which are meant to cluster all the particles that belong to the same interaction. For example, all the

final state particles from a neutrino interaction should be grouped in the same slice, as well as a cos-

mic muon that stops in the detector with the relative Michel electron resulting from its decay. The

Neutrino ID tool (sometimes called Slice ID) allows the selection of the neutrino candidate slice

among all the ones available, as illustrated in the sketch in fig. 8.3. First, all the obvious cosmic rays are

removed. These are muons that cross the entire detector without producing any significant vertex-

like features that are removed and are identified by looking at the geometry of their trajectories.

Among the remaining slices, a combination of optical and geometrical information is employed.

Compatibility between the flash that triggered the event and each slice is required by comparing

the barycenter of the light measured by each PMT and the barycenter of the reconstructed charge.

Moreover, a topological score assesses how alike the slice is to a neutrino interaction by exploiting fea-

tures like kinks and vertices in the geometry of the charge. In most cases, no slice passes both criteria,

resulting in a rejection of cosmic rays in time with the beam. In the other cases, the slice with the

best match with the optical flash is selected as the neutrino candidate. The efficiency to select the

correct neutrino slice, up to some small contamination from cosmic rays, is about 83% for both νμ

and νe interactions. The preselection efficiency also depends on the energy of the neutrino interac-

tion, being about 60% at energies below 250 MeV, and grows with energy reaching a stable plateau

around 1 GeV. Eventually, the presence of the one contained electromagnetic shower with recon-

structed energy larger than 70 MeV is required to complete the preselection stage. Starting from

Run 3 onward a cosmic ray tagger (CRT) was installed around the detector. If hits are present on

these scintillation panels in time with the beam and can be matched to the reconstructed neutrino

slice, the event is rejected as it is likely to come from a cosmic ray. Exceptions have been developed
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Figure 8.3: A typical event contains several cosmic‐ray interactions and might contain one neutrino interaction, clus‐
tered in slices by the Pandora reconstruction framework (first sketch). Slices that are very likely to originate from cosmic
rays are tagged by Pandora using geometric information (second sketch). The Neutrino ID tool combines optical and ge‐
ometrical information to isolate the slice which is most likely to contain a neutrino interaction (third sketch). The cartoon
is taken from 304.

for uncontained events, typically νμCC interactions at high energy, which would produce hit only

on one side of the CRT. This tool provides a slightly larger efficiency for Run 3 with respect to Run

1.
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Energy reconstruction

Energy reconstruction is an essential ingredient of the analysis, as it is the main handle to distinguish

the signal, which is expected to hide at low energy. While the basic ideas of energy reconstruction

are common among most analyses, the specific definitions are tailored for this analysis. Shower en-

ergy is estimated by summing up all the deposited charge on the collection plane and converting it

to reconstructed energy with a constant factor assuming a flat recombination model. By perform-

ing a study using electron showers selected at the truth level, it turns out that this quantity needs to

be corrected by 20% to account for the bias of all deposited energy below the threshold to form a

hit. This bias is flat in reconstructed energy, as it is induced by some missing charge at a later stage

in the shower development. Track energy is obtained by converting the range to the initial momen-

tum with a specific assumption of the particle type: proton in the 1eNp0π analysis and muon in

the νμCC selection. The reconstructed neutrino energy, or total deposited energy, is the sum of the

energy of all reconstructed particles and can be compared to the total visible energy, i.e.the energy

deposited into visible final state particles at truth level. Figure 8.4 illustrates the 2D distribution of

reconstructed versus true energy for showers, tracks, and electron neutrinos. The typical energy res-

olution for electron showers is of the order of 15%, for proton tracks varies between 4% at 100 MeV

and 1% at 200 MeV, while for muons is of the order of 3%.

From this point onwards, the two channels 1eNp0π and 1e0p0π split into fully orthogonal selec-

tions. Figure 8.5 shows two examples of the interaction targeted by the two channels. The showery

signature is evident, and it is accompanied by a proton track in the first case.

1eNp0π selection

This channel targets neutrino interactions resulting in one electron, at least one proton, and no

other particle in the final state. It is the most sensitive for the signal model, as most electron neutri-
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Figure 8.4: 2D distributions of the reconstructed (vertical axis) and true (horizontal axis) energy for electrons (left),
proton tracks (middle), and electron neutrino events (right). For electrons, the energy is obtained calorimetrically as
the sum of the deposited charge. For protons, it is extracted by converting the range into initial momentum. For the
neutrino, it is reconstructed by summing the calorimetric energy for showers and the energy obtained from the range
with the proton assumption for all tracks. It is compared with the visible energy rather than the true neutrino energy,
which is the energy of the neutrinos spread over visible final state particles (excluding neutrons and particles below the
detection threshold).

nos at low energy result in one electron and one proton in the final state.

In order to complete the preselection requirements, we require the presence of at least one con-

tained track to target the protons in the final state and that the reconstructed energy of the shower
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Figure 8.5: Examples of a 1eNp0π (left) and 1e0p0π (right) interactions, as measured by the collection plane. The two
events look almost identical aside from the presence of the proton track in the first case.

is larger than 70 MeV, which suppresses the background from Michel electrons, resulting from

decays of muons. Lastly, 90% of the total charge is required to be contained within the fiducial vol-

ume, defined as points that are at least 20 cm away from every wall of the active volume of the TPC.

This cut ensures that the energy reconstruction is quite accurate, removing events with significant

missing charge, which are reconstructed at lower energy, creating a background for the eLEE signal

model. Figure 8.6 shows the reconstructed energy spectrum after pre-the full 1eNp0π preselection.

The agreement between the data and the simulation is within the systematic uncertainties, which

will be better discussed in section 8.4. At this stage, about 25% of the background is dominated

by cosmic rays, mostly in time with the beam, while νeCC0πNp constitutes about 1% of the total

sample, while the signal constitutes only about 0.3% of the total selection.

The next steps in the analysis target the interpretation of the events a 1eNp0π final state. We re-

quire the presence of exactly one contained shower, which is also going to be called electron candi-

date in the following. Removing events with two or more showers significantly reduces the back-

ground induced by events with π0. Some events in which a second shower is present and particularly

well aligned with the most energetic shower are very likely to be induced by νeCC interactions at
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Figure 8.6: Reconstructed neutrino energy after preselection for the 1eNp0π channel.

high energy, where the reconstruction fails to cluster all the charge in a single object. Those events

are re-interpreted as single-shower events, and information about the second shower is included in

the analysis. Moreover, among all tracks, the longest, and thus most energetic, track is taken as the

main proton candidate, which should reconstruct the final state proton in clean CCQE interac-

tions.

The analysis strategy proceeds as follows: two Boosted Decision Trees (BDT) are trained in order

to distinguish the 1eNp0π signal from the backgrounds. The first one targets explicitly background

induced by events with π0, while the second one targets the other backgrounds, mostly contain-

ing muons, either cosmic or from νμCC interactions. The two BDTs are designed to combine the

information contained in all the experimental variables, which alone would not be enough for a

high-purity selection, into scores that can be used for a more powerful rejection of the two main

backgrounds. The BDTs are trained using the following variables:
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• CosmicDirAll3D: Dot product between shower start and space points associated to tracks

flagged as cosmic.

• CosmicIPAll3D: Closest distance between shower start and space points associated to tracks

flagged as cosmic.

• trkshrhitdist2: Minimum distance between leading shower and longest track clusters in 2D.

• trkfit: Fraction of the 3D space points successfully fitted with the shower track-fitter algo-

rithm.

• trkpid: Proton-muon P particle identification.

• tksh distance: Distance between the leading shower and longest track start points in 3D.

• subcluster: Number of isolated 2D segments of charge associated with a reconstructed

shower on all three planes.

• tksh angle: Angle between the leading shower and longest track directions.

• shrmoliereavg: Average angle between the shower’s direction and its 3D space points.

• shr score: Pandora SVM track/shower score for the leading shower.

• shr tkfit dedx max: Median dE/dx on the plane with most number of hits in [0, 4]cm trunk

segment.

• secondshower Y nhit: Number of hits on each plane of the largest cluster associated with the

recovered 2nd shower.

• secondshower Y vtxdist: 2D distance from vertex for the largest 2D cluster associated with

the recovered 2nd shower in each plane.
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• hits ratio: Ratio between hits from showers and the total number of hits in the slice.

• secondshower Y dot: Dot product between the vector connecting the vertex to the closest hit

in the cluster and the charge-weighted cluster direction w.r.t. closest hit in a cluster.

• anglediff Y: 2D angle difference in each plane between the 2nd shower and the 1st shower

cluster (cluster direction defined as the charge-weighted direction of cluster w.r.t. vertex).

Second-shower variables have been constructed to reject a special class of misreconstructed π0

events, where one shower is reconstructed but not included with the neutrino slice. Locating sin-

gle clusters near the neutrino interaction and likely emerge from the vertex of the interaction allows

additional rejection of the π0 background.

The signal for both BDTs is defined as 1eNp0π events with reconstructed energy smaller than

800 MeV. Dedicated samples are used for training, not to reduce the limited sample size used for the

analysis. The signal comes from intrinsic νe samples simulated separately in the range 0 − 400 MeV

and 400 − 800 MeV, in order to have a larger statistic at low energy. Beam OFF (EXT) events are

taken from the NuMI stream. Tailored background samples enhancing the different backgrounds,

for example, νμ0π0 for the non-π0 BDT, are generated using truth-level filters. BDTs, training, and

inference are implemented using the XGBoost package 305. Figure 8.7 illustrates the relative impor-

tance of the different training variables in terms of the gain, which is the improvement in accuracy

brought by a given feature. As expected, variables related to the electron candidate and the track

PID provide the most gain. Remarkably, the relative contribution of the different variables to the

two BDTs is quite similar. Figures 8.8 and 8.9 shows the distribution of the BDT score for the non-

π0 and the π0 BDTs, respectively. The low score and low purity regions are shown on the left, while

the high score regions, with larger purity, are shown on the right. Similarly to fig. 8.6, the plots are

performed using the Run 1 and Run 3 open data. The full selection requires a combination of

loose cuts and cuts on the BDT scores. These loose cuts are applied in order to remove events that
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Figure 8.7: BDT variables important in terms of the gain, the improvement in accuracy brought by any given variable.
Left: the total gain value is the sum of the gain across all branches of the tree. Right: Rank, from lowest (= 1) to highest
(= 15) based on the total gain value.
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Figure 8.8: Classification score for the non‐π0 BDT, after the 1eNp0π preselection. The left plot shows the first half,
mostly dominated by background, while the plot on the right shows the signal‐enriched region.

have at least one feature which is significantly incompatible with the 1eNp0π signature. To further

remove photon showers, the distance between the electron candidate and the proton candidate start

point is required to be smaller than 6 cm, and the median dE/dx at the beginning of the shower

needs to be larger than 0.5 MeV/cm and smaller than 5.5 MeV/cm. Moreover, the impact parame-

ter, defined as the minimum distance between the neutrino candidate vertex and the closest cosmic
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Figure 8.9: Classification score for the π0 BDT, after the 1eNp0π preselection. The left plot shows the first half, mostly
dominated by background, while the plot on the right shows the signal‐enriched region.

rays, is required to be larger than 10 cm, which removes misreconstructed delta-ray showers. At the

same time, the longest track is required to have track-pid P < 0.02 in order to remove tracks com-

patible with muons as well as misreconstructed proton tracks. In order to remove νμ background,

we require that the electron candidate makes up at least 50% of the total number of hits, that its

estimated Moliere angle is larger than 9◦, and that it contains at least four different subclusters.

Moreover, when considering the electron candidate fitted as a track, the fraction of the 3D space

points successfully fitted with the track-fitter algorithm is required to be smaller than 0.65, mean-

ing that fitting it with a track model results in a poor fit, and its length when fit as a track need to be

smaller than 300 cm. The cosine of the angle between the electron and the proton candidate direc-

tions should be larger than −0.9, which removes misreconstructed events in which a true shower is

split in a reconstructed track and a reconstructed shower going in opposite directions. Lastly, we ap-

ply cuts of 0.67 and 0.7 on the π0 and non-π0 scores, respectively. Figure 8.10 shows the predicted

spectrum for the neutrino reconstructed energy, using Run 1, 2, and 3 simulated data. The sample

is very pure, aside from some neutrino background, peaking around 500 MeV in reconstructed en-

ergy. With this selection, we predict about nine excess events in the analysis from the signal model.
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Efficiency and purity as a function of the neutrino energy are shown in fig. 8.11, at different selec-
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Figure 8.11: Left: efficiency of the 1eNp0π analysis as a function of the true neutrino energy at different selection
stages. Right: purity of the 1eNp0π analysis as a function of the reconstructed neutrino energy at different selection
stages. The BDT selection stands for the cuts on the two BDT scores on top of the loose cuts. ”Tight” refers to a cut‐
based selection, an alternative to the BDT one, which provides a similar level of purity at the cost of a larger efficiency.
The LEE signal model is not considered in these plots.

tion stages. The final signal efficiency turns out to be around 5% at low energy, peaking at 15% at
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energies close to 1 GeV. The contribution to the small efficiency comes mostly at the preselection

stage, where the efficiency in the lowest energy bin is only 40%. Further selection reduces the ef-

ficiency further but moves the purity from 1% at preselection to the 60 − 80% range. The main

limitation causing the efficiency degradation is caused at the reconstruction level. In fact, if the re-

construction was perfect, the efficiency and purity would be both very large, as there is no other

process that produces an electron shower and a proton track in the final state. However, the accu-

racy of the vertex reconstruction is the main limiting factor, as particles are reconstructed as coming

out of the vertex: the whole reconstruction and interpretation of the neutrino slice are significantly

degraded when the vertex is misplaced by a large amount, which is often the case. Studies performed

using samples in which the correct location of the vertex is artificially injected in the reconstruction

show improvement of the overall efficiency at preselection by more than 50%. While future itera-

tions of this analysis will benefit from a more accurate reconstruction, improvements in the vertex

placement are beyond the scope of this work.

A final remark is about track multiplicity, as tracks play a very important role in this channel.

Figure 8.12 shows the estimated joint and conditional distributions of the number of reconstructed

contained tracks versus the number of protons above the threshold at the true level on the left and

right plots, respectively. The distribution is obtained at reconstructed energy larger than 1.05 GeV,

where multi-track events are more likely to occur, for true νeCC0πNp interactions, at loose selection

cuts. While most events lie along the diagonal, there is a 10% chance of reconstructing two tracks

in events with one proton only or a 20% chance of reconstructing one track in events with two

protons at the true level. Given this study, we expect O(10%) migration between signal regions

with a different number of tracks, which justifies the choice of the analysis channel targeting 1e0p0π

analysis.
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Figure 8.12: Number of reconstructed tracks versus the number of protons above the threshold at truth level, in the
1eNp0π selection at loose selection and the high energy region. It shows the estimated joint distribution on the left and
conditional on the right, where the content of each vertical slice adds up to one.

1e0p0π selection

The 1e0p0π selection proceeds similarly to the 1eNp0π selection, using, however, a fully orthogonal

sample. No reconstructed track is allowed in the event, and thus no track identification variable can

be employed in the BDT. All variables rely on shower properties, reconstructed cosmic rays, and the

presence of a second shower not clustered in the event. The analysis in this channel is more difficult

than the 1eNp0π, as additional tracks typically allow a more precise vertex reconstruction, which in

turn results in a more correct event reconstruction. The plot on the left in fig. 8.13 shows the distri-

bution of the BDT score used for the selection, when loose cuts are applied. The signal is enhanced

at values close to 1: only events with a BDT score larger than 0.72 are selected, a value that allows a

significant reduction of the background while retaining a decent efficiency. Most backgrounds are

induced by events with π0, where one of the showers is missing, and the other is identified as a single

electron, which cannot be rejected by looking at the shower-vertex distance.
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Figure 8.13: Left: Distribution of the BDT score for the 1e0p0π selection with loose cuts applied. The signal (green),
while tiny, is enhanced at high values of the score, while the background, mostly containing events with π0 (light blue),
peaks at small values. Right: While showing agreement between the data and simulation within systematic uncertainties
(section 8.4), the reconstructed energy spectrum in the νμCC selection emphasizes how the simulation underestimates
the data. Using this data, the prediction for the 1eNp0π and 1e0p0π channels is adjusted through the ”νμ constraint”
procedure (section 8.5).

νμCC selection

The νμCC selection is developed to study and correct systematic biases in the simulation. The cen-

tral target is a pure selection with high energy resolution. For this reason, fully contained events

containing a well reconstructed and identified muon are selected. This selection follows closely the

one developed to study exclusive channels in section 7.4. The plot on the right of fig. 8.13 shows the

distribution of the reconstructed neutrino energy, comparing the data with the simulation, dressed

with systematic uncertainties (gray patches). The simulation describes the data within the uncer-

tainties. However, there is a clear bias, as the simulation underestimates the data in most bins, which

is likely due to a mismodeling of the neutrino flux and the cross-section model.

This selection effectively allows a reduction of the impact of systematic uncertainties correlated

between νe and νμ events (section 8.4), like flux and cross-section uncertainties, when all selections

are employed in a combined analysis (section 8.5).
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8.4 Systematics uncertainties

The predicted energy spectra in the different channels are subject to several types of systematic un-

certainties. Each piece of the simulation carries its uncertainty, independent of the other. The ones

considered in the analysis are the neutrino flux, the cross-section model used to simulate the rate and

the final states of neutrino interactions, the propagation of the particles in the detector with atten-

tion to hadronic re-interactions, the simulation of the detector, in terms of light yield and shape of

the signals, and, lastly, statistical uncertainties induced by the finite simulated sample size.

The covariance matrix formalism

Uncertainties are dealt with using the covariance matrix formalism. This method relies on the as-

sumption that uncertainties are Gaussian distributed and on the concept of propagation of uncer-

tainties. Systematic uncertainties can be described by a series of nuisance parameters α and their

associated prior distributions p(α). For example, in the case of the cross-section systematic uncer-

tainties, about forty nuisance parameters define the neutrino generator, which can be varied within

some uncertainty, estimated through a fit to previous data 306. While they impact inference on the

physical parameters, these nuisance parameters are not of physical interest. The expected number of

entries νi in bin i of the reconstructed energy spectrum of one of three analysis channels is a func-

tion of the nuisance parameters νi = νi(α). We can marginalize over α and assume that the uncer-

tainty over nui will be approximately Gaussian and can therefore be described by the mean νCV
i and

the covariance matrix Σij, where CV stands for ”Central Value.” The mean νCV
i , or central value, is

estimated using the simulation and fixing α to its most likely or mean value. The covariance matrix

Σij is estimated in different ways depending on the type of uncertainty.

For the case or flux, cross-section, and hadronic re-interaction uncertainties, they are estimated

through a multi-universe or multi-sim approach. Each universe k contains a set of parameters αk
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drawn from p(α), which is often assumed Gaussian. The flux and cross-section reweighing tools

provide weights wk, which can be applied to the simulated events to compute the expectation νki in

the universe k. The covariance matrix can be estimated as

Σij =
1

Nuniv

Nuniv∑
k=1

(νCV
i − νki )(νCV

j − νkj ), (8.1)

where Nuniv is the number of simulated universes. In this analysis, we simulate 100 universes.

For the case of detector uncertainties, we do not have the capability of reweighting events; we

can only generate an entirely new sample by varying some parameters defining a different detector

response. These variations are one-sided, meaning that α is varied to α′, and the difference is con-

sidered as uncertainty. This approach is likely to provide a conservative estimate of the uncertainty.

In addition, only the diagonal elements of the covariance matrix are considered, neglecting possi-

ble correlations and leading to a more conservative estimate. In this case, the covariance matrix is

estimated as

Σii =

Nvars∑
k=1

(νCV
i − νki )(νCV

i − νki ), (8.2)

where Nvars is the number of variations considered.

Lastly, regarding finite statistics of the simulation, we consider a diagonal covariance matrix:

Σlimstat,η
ii =


νηi if νηi > 0

1.4 ∗ wη if νηi = 0
, (8.3)

for sample, η (general BNB Monte Carlo, νe Monte Carlo, π0 Monte Carlo, data Beam OFF), and

wη is its specific scaling to much the number of POT or software triggers in the data.

The total uncertainty is obtained by summing up the covariance matrices from the different

uncertainty sources. Figure 8.14 illustrate the fractional systematic uncertainty in all bins in recon-
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structed energy for the three different channels, considering only diagonal elements. The overall
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Figure 8.14: Fractional systematic uncertainties in each bin in reconstructed energy in the three analysis channels.
Only the diagonal elements are shown, neglecting correlations, and providing a more conservative picture. The red
line corresponds to the sum of hadronic re‐interaction (blue), flux (orange), and cross‐section (green) uncertainties. The
purple line is obtained by adding detector systematic uncertainties to the red line. Eventually, the dashed black line
adds the systematic uncertainties induced by finite Monte Carlo statistic on top of the purple line. Every line is obtained
by summing up the relevant covariance matrices and taking the square root of the diagonal elements divided by the
expected bin content in the central value of the simulation.

uncertainty budget is around 20-30% and tends to grow at low energy, negatively impacting the sen-

sitivity to the signal model. The correlations between different selections, however, help improve

the sensitivity. This procedure, often called νμ constraint, is described in section 8.5.

Flux, cross-section, hadronic re-interaction systematic uncertainties

The procedure to estimate uncertainties related to the model of the flux, cross section, and particle

propagation in the detector with attention to hadronic re-interaction closely follows the official

MicroBooNE procedure.

Flux uncertainties depend on uncertainties in the current flowing in focusing horns, in the cross

section for proton-Beryllium scattering, and the model of the propagation and re-interaction of

hadrons within the Beryllium target. Thirteen parameters characterize them, randomly varied in a

multi-universe fashion.
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Cross-section uncertainties depend on the parameters in the GENIE Monte Carlo generator.

GENIE v3 has been tuned to match the T2K near detector data, adjusting normalization of CCQE

and MEC processes, resulting in an overall good agreement when looking at νμCC interactions,

as seen in section 8.3. The uncertainties are characterized by 44 parameters sampled following the

multi-universe procedure, plus 11 parameters for which only one-sided or two-sided variations are

performed. These parameters are mostly related to the initial state momentum distribution of nu-

cleons, scattering form factors, normalization and angular distributions for different processes, and

propagation of particles in the nuclear medium that result in FSI.

The final cluster of uncertainties is related to the Geant4 307 cross-section values used to simu-

late hadronic re-interactions of hadrons, mainly protons, and pions, with argon nuclei. These hard

scatterings result in misclassified events. For example, the Bragg peak of a proton might not be vis-

ible, resulting in its classification as a muon instead, as discussed in section 7.4. Three parameters

describe these uncertainties: the cross sections for protons, π+, π−. The three parameters are var-

ied simultaneously in 1000 universes. This contribution is sub-dominant with respect to the flux

and cross-section model, as shown in fig. 8.14. Figure 8.15 shows the correlation matrix, as obtained
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Figure 8.15: Correlation matrices for flux (left) and cross‐section (right) systematic uncertainties. The matrix is read as a
2d plot, with increasing bin numbers going up and right. The first ten bins refer to the 1eNp0π channel, the next ten bins
to the 1e0p0π channel, and the last 14 bins to the νμCC selection.

from the covariance matrix, for flux (left) and cross-section (right) systematic uncertainties. Most
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bins present high correlations within the same channel and different channels. These correlations

are essential in decreasing the impact of the systematic uncertainties on the final sensitivity. Inter-

estingly, most correlations are positive and significant, implying that most of the systematic effects

result in a change in the overall normalization rather than a shape difference at fixed normalization.

Detector systematic uncertainties

Detector systematic uncertainties are obtained through single-sided parameter variations used in the

data simulation. There are four different categories:

• Waveform variations, covering the uncertainty in the simulation of the charge deposition,

drift, and measurement. These variations are obtained by profiling hit variables, like charge,

amplitude, and width, as a function of the location in the detector, the angle with respect

to the wire direction θxz, with respect to the drift direction θyz, and the ionization density

dE/dx. They are obtained by comparing the simulation with the data using cosmic rays as

rescaling factors for the simulation to match the data, which, by construction, covers the

difference between the data and the simulation.

• Light response variations, where different models for the light propagation are used, can

change the yield of triggered events and flash properties.

• Electric field map variations, where a different electric field map, obtained using cosmic-ray

muons rather than laser measurement, is employed while simulating charge drift.

• Recombination variations, obtained by varying the parameters of the Modified Box Model

(eq. (7.4)), to cover discrepancies observed with protons at high dE/dx.

Here we will discuss the effect of waveform variations, the most impactful ones, on calorimet-

ric variables, which are the ones affected the most by these uncertainties. Figure 8.16 shows the
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selection efficiency of the cuts employed in the analysis on the proton/muon id P (left), and the

electron/photon separation dE/dx (right), as a function of the true proton or electron energy, for

1eNp0π events selected at truth level. The different variations do not change the efficiency signifi-
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Figure 8.16: Selection efficiency of the particle identification cuts on the trackP (left) and shower dE/dx (right), as
a function of the true proton and electron energy, respectively. The different lines show the same quantity using the
different detector systematic samples.

cantly, aside from the ”Recomb” variation, which produces a sizable effect at large proton energies.

The final impact on the analysis is, however, small, mainly because of the small proton population at

large energy.

The coverage of systematic uncertainties, with emphasis on recombination uncertainties, is vali-

dated through detailed calorimetric studies, performed using a high-purity sample of reconstructed

protons, selected as in section 7.4, comparing the data with the central value and with the sample

with the waveform variation profiled in dE/dx. The six plots in fig. 8.17 show an example of the

comparison of the dQ/dx distribution, performed in bins of residual range and pitch, differently

for every plane. We show distributions for the residual range between 5 cm and 10 cm and pitch be-

tween 0.4 cm and 1 cm for different planes on different rows. This bin contains hits at large dQ/dx

because of the proton-like selection and the small residual range. In this region, we expect larger

mismodeling, as the simulation relies more heavily on the correct simulation of the recombination
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process. Remarkably, the discrepancy between the data and the central value of the simulation is

significantly corrected after applying this Waveform variation.

The three plots in figure fig. 8.18 summarize the information displayed in the dQ/dx data/simulation

comparison, by showing a 2-dimensional histogram of dQ/dx and residual range, for the data, the

central value of the simulation, and the sample with waveform variations profiled in dE/dx. To

reduce possible biases due to the underlying distributions, these histograms are produced in bins

of local pitch, normalized as estimates of p(dQ/dx |residual range), rather than p(dQ/dx, residual

range). This procedure ensures that the probability of every vertical slice sums up to unity, mak-

ing it less sensitive to the underlying track length distribution. The curve showing the theoretical

most probable value is superimposed over the histogram to facilitate comparing the data and the

simulation. The qualitative conclusion derived earlier, i.e.the sample with waveform variations

profiled in dE/dx improves the accuracy of the simulation, remains unchanged even after looking

at these 2-dimensional plots. These studies also indicate that the analysis is robust against dE/dx

mismodeling.

8.5 Constraint of the systematic uncertainties

Because systematic uncertainties are correlated among different analysis channels, as shown in sec-

tion 8.4, a combined analysis reduces their impact on the sensitivity to the eLEE model. The combi-

nation can be visualized through a procedure often called ”νμ constraint.” The 1eNp0π and 1e0p0π

selections are sensitive to the eLEE model, while the prediction in the νμCC selection does not de-

pend on the eLEE hypothesis. We can then condition the prediction in the 1eNp0π and 1e0p0π

selections on the observed spectrum in the νμCC selection. Let’s dive into the details. The central

value of the prediction and the full covariance matrix defines a multivariate Gaussian density over

the bin contents in the reconstructed energy spectra of the three analysis channels. Let’s represent
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Figure 8.17: The sample with waveform variations profiled in dE/dx (right) improves the accuracy of the simulation
with respect to the central value (left) in the dQ/dx distribution, in a bin with small residual range, between 5 cm and
10 cm, and small pitch, between 0.4 cm and 1 cm, and for the three wire planes, one per row. Hits come from proton‐
like tracks selected as in section section 7.4 The red component of the histogram corresponds to proton hits, while the
brown to neutrino‐induced muons.
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Figure 8.18: 2‐dimensional histogram of dQ/dx and residual range for the same contained proton selection in data,
simulation central value, and the sample with waveform variations profiled in dE/dx, respectively. Only hits with local
pitch between 0.4 cm and 1 cm are used for this comparison, and every vertical slice is normalized to one to reduce the
dependence of these comparisons on the track kinematics. The red theoretical curves help the eye compare the data
and the two simulations.

the central value and the covariance matrix in the following block form, and the

νCV =

(
νe νμ

)
(8.4)

Σsyst =

Σee Σeμ

ΣT
eμ Σμμ

 , (8.5)

where the subscript e refers to all 1eNp0π and 1e0p0π bins in reconstructed energy, while the sub-

script μ refers to all bins of the νμCC selection in reconstructed neutrino energy. Suppose we observe

nobs
μ in the νμCC selection. Then, the 1eNp0π and 1e0p0π bin contents are described by a multivari-

ate Gaussian:

p(ne|nμ = nobs
μ ) ∼ N (νconstrained

e ,Σconstrained
ee ), (8.6)

with parameters

νconstrained
e = νe + ΣeμΣ−1

μμ (nobs
μ − νμ) (8.7)

Σconstrained
ee = Σee − ΣeμΣ−1

μμ ΣT
eμ. (8.8)
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We note that the correction to the central value is proportional to the difference between the ob-

served bin content and the central value. At the same time, the reduction of systematic uncertainties

only depends on the structure of the covariance matrix. We can think about this procedure as reduc-

ing a 2D Gaussian distribution to one slice identified by selecting the observed value on the axis cor-

responding to the νμCC selection. These formulas are a well-known fact within Bayesian inference

with multivariate normal; see for example 308. This procedure, strongly relying on the Gaussian ap-

proximation of systematic uncertainties, ensures that every test statistic computed using eq. (8.4) or

using eq. (8.7) produces the same result. Figure 8.19 shows the fractional uncertainties in each bin

Figure 8.19: Fractional systematic uncertainties in bins of the reconstructed energy in the three analysis channels.
After observing the νμCC data, the uncertainties in the 1eNp0π and 1e0p0π channels are reduced, from the black line
to the gray shaded line. The constrained uncertainties cannot be further split into the different components, as this
method relies on the Gaussian approximation of the bin content observables and does not distinguish different sources
of uncertainties.

content for the three analysis channels, before and after the constraint for the 1eNp0π and 1e0p0π

channels. The uncertainty reduction varies from 10% at the lowest energy to about 50% in the

medium energy range. Given the agreement observed with the νμCC selection illustrated in the plot

on the right in fig. 8.13, the shift in the central value of the 1eNp0π and 1e0p0π is relatively small, of

the order of 10%. This procedure leads to a stronger sensitivity to the eLEE model, ensuring that

statistical rather than systematic uncertainties dominate the analysis.
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9
Interpreting the results

After characterizing the full eLEE analysis over the simulation and validating it with

a small fraction of the data, the full dataset, consisting of Run 1, 2, and 3, is unblinded. It corre-

sponds to data collected between February 2016 and July 2018, corresponding to a total exposure

of 6.86 × 1020 POT. The unblinding procedure relies on first identifying a signal region, events at

low energy with high νe purity. A set of sidebands with progressively lower energy and larger purity
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is unblinded in steps to make sure possible problems can be solved before accessing the region with

the highest chance of hosting a signal.

After unblinding the data, its physical implications are drawn through a combined analysis of

the three channels. Statistical tests to assess the significance of excluding the eLEE signal models are

performed, both as a single hypothesis test and as a composite test where confidence intervals for a

scaling factor of the signal are extracted.

Eventually, this data could be further interpreted in terms of the light sterile neutrino model, and

possibly more complex models.

9.1 Unblinding the data

In order to unblind the data in the signal region, a series of sidebands with progressively lower en-

ergy and a larger signal-to-background ratio has been defined. This section describes the procedure

for the 1eNp0π channel. An analogous procedure has been carried out for the 1e0p0π channel, while

the results of both analyses are discussed in chapter 9. We identified three regions of progressively

lower energy and three regions of progressively higher event ID, the identification score, or equiva-

lently the signal-to-background ratio. This is shown schematically in the left plot of fig. 9.1. While

the vertical axis is the reconstructed neutrino energy, the horizontal one requires a combination of

BDT scores, as well as preselection and loose selection cuts. The energy cuts are defined as:

• High energy: 1.05 GeV < Ereco < 2.05 GeV

• Medium energy: 0.75 GeV < Ereco < 1.05 GeV

• Low energy: 0.05 GeV < Ereco < 0.75 GeV,

while the regions at different event ID are defined as:
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• Low event ID: preselection cuts, exactly one contained shower, and 0 < π0 score <

0.1 or 0 < non π0 score < 0.1

• Medium event ID: preselection cuts, exactly one contained shower, and (0.1 < π0 score <

0.67 or 0.1 < non π0 score < 0.7) and (π0 score > 0.1) and (non π0 score > 0.1)

• High event ID: loose-selection cuts, and π0 score > 0.67 and non π0 score > 0.7.

These regions define the far sideband as events at high energy or events at low event ID, and the near

sideband as medium energy or medium event ID but not in the far sideband. The signal region con-

sists of events at low energy and high event ID. The significant correlation between the two BDT

scores, as shown in fig. 9.1, justifies the choice of combined cuts. For the low and medium event ID,

the loose selection cuts have been relaxed to the preselection cuts plus the requirement of precisely

one contained shower. This cut relaxation ensures larger sideband statistics, allowing for more in-

formative data/simulation comparisons. Requiring a single contained shower leaves the sample with

two or more contained showers as an additional sideband, enriched of events with two showers,

mainly produced by π0.

Figure 9.1: Left: schematic of the sideband structure. Right: correlation among the two BDT scores employed in the
1eNp0π analysis, in the νeCC sample.
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Underlying 1eNp0π distributions in the different sidebands

The following studies have been carried out to test the effectiveness of these sidebands. The underly-

ing true neutrino energy and three kinematic variables, namely the energy of the leading shower cho-

sen as the electron candidate, the length of the track chosen as the proton candidate, and the angle

between these two objects, have been studied. The four plots in figure fig. 9.2 show the distributions

of these four variables in the high PID region for the different energy regions, corresponding to the

three boxes in the last column of the schematics in the left plot of figure fig. 9.1. The histograms

show the expected distributions for the 1eNp0π events, selected with truth level information in the

νe sample, scaled up to 6.86 × 1020 POT. Analogously, the four plots in figure fig. 9.3 show similar

distributions for events in the low energy, comparing the three different PID regions. The three his-

tograms correspond, this time, to the three boxes in the bottom row of the schematics shown in the

left plot of figure fig. 9.1.

The take-home message of these studies is that the 1eNp0π events in the three energy regions at

high PID cover a similar phase space in the kinematic variables, despite being at different energies.

This means that the resolution of our reconstructed energy is smaller than the size of the sidebands.

Additionally, the 1eNp0π events in the different PID regions at low energy are very similar and cover

similar phase space in the kinematic variables.

2+ showers sideband

An additional sideband enriched of events with two or more showers has been identified. This side-

band is particularly useful to study π0 backgrounds in a region that is more similar to what is ex-

pected in the signal region. This sideband is defined by preselection cuts, with no track requirement,

and requires at least two showers contained. As no track requirement is applied, this sideband is use-

ful for both the 1eNp0π and 1e0p0π selections. The three plots in fig. 9.4 show the reconstructed
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(a) True neutrino energy spectrum.
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(b) Distribution of the reconstructed energy of the
shower chosen as electron candidate.
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(c) Distribution of the reconstructed length of the
track chosen as proton candidate. This is a bijective
function of the reconstructed track energy as the
energy is extracted from the range.
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(d) Distribution of the cosine of the angle between
the main shower and the main track.

Figure 9.2: Expected distributions of 1eNp0π events scaled up to 6.86 × 1020 POT. All the plots are for the high PID
region, and the three different colored histograms identify the different regions in reconstructed energy.

neutrino energy, the shower dE/dx, and the track identification score in this sideband after applying

very loose selection cuts. The data agrees with the simulation within uncertainties, demonstrating

the accuracy of modeling background events with showers that fall close to the signal box as defined

by the PID cuts.
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(b) Distribution of the reconstructed energy of the
shower chosen as electron candidate.
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(c) Distribution of the reconstructed length of the
track chosen as proton candidate. This is a bijective
function of the reconstructed track energy as the
energy is extracted from the range.
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(d) Distribution of the cosine of the angle between
the main shower and the main track.

Figure 9.3: Expected distributions of 1eNp0π events scaled up to 6.86 × 1020 POT. All the plots are for the low
energy region, and the three different colored histograms identify the different regions in PID.

Far sidebands at high energy

While providing no sensitivity to the eLEE model, the far sideband demonstrates the accuracy of the

simulation in essential regions of the phase space. For example, the high purity region at high energy

provides insight into modeling electron neutrino interactions. Figure 9.5 shows the distribution

of the two BDT scores employed in the 1eNp0π selection, at loose cuts. The agreement is within

uncertainties, demonstrating an overall agreement between the data and the simulation in the entire

selection process. We can observe distributions of the properties of the electron candidate in fig. 9.6.
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Figure 9.4: Selecting events with two or more showers allows the definition of high‐statistics sideband, with background
analogous to the signal region, mostly induced by π0 events, but no recoverable signal. The simulation is accurate, as
demonstrated by the agreement between the data and the simulation shown in the reconstructed energy spectrum
(left), the shower dE/dx (middle), the track particle identification score (right).

A systematic bias is present: the prediction mildly overestimates the data, which is believed to be

connected to the overall deficit of events observed in the entire energy spectrum, as shown in a later

section.
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Figure 9.5: Both BDT scores (π0 score on the left, and non‐π0 score on the right) employed in the 1eNp0π selection
shows good agreement between the data and the simulation in the far sideband at high energy.
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Figure 9.6: The distributions of shower properties, total calorimetric energy on the left and angle with respect to the
beam on the right, show an overall deficit of events with respect to the prediction after applying the full BDT selection
in the high energy region of the far sideband.

Far sideband at low event ID

Another interesting region in the far sideband is at low event ID. This is another background-

enriched region, which provides additional insights on the background modeling, especially when it

comes to background containing photon showers induced by events with π0. Figure 9.7 shows the
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Figure 9.7: The far sideband at low event ID, or low purity, provides high statistics data/Monte Carlo comparisons in
background‐enriched sidebands. The accuracy of the simulation is demonstrated by the reconstructed energy spectrum
(left), the track‐shower distance (middle), and the track identification score (right).

spectrum of reconstructed energy, track-shower distance, and track pid score, with only preselec-

tion cuts applied. It provides a genuinely high-statistic data/simulation comparison, demonstrating

accurate modeling of the background, and further validating the conclusions from fig. 9.4.
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Near sideband

The near sideband was unblinded after the conclusions drawn from the previous studies with the

far sideband and the 2+ showers sideband. This sideband has a more substantial fraction of signal

events, although still too small to provide any sensitivity to the signal model. However, it allows

the validation of signal and background modeling in adjacent regions to the signal box. Figure 9.8

illustrates a summary of these studies. The first row shows plots of the shower dE/dx and the track-

shower distance at preselection cuts, at medium event ID and medium energy, respectively. The

second row illustrates the distribution of the BDT score and ratio of shower hits to the total hits

in the slice with loose cuts, again at medium event ID and medium energy, respectively. While the

agreement between the data and the simulation at preselection is remarkable, the selection at loose

cuts provides further insights into the trend already seen: the prediction underestimates the data in

regions at higher purity, in particular at large values of the BDT scores. However, this behavior is

not attributable to any specific problem and might have a specific physics explanation.

Signal region

The signal region was unblinded on June 24th, 2021, at 8 am CT, and the results were announced,

together with the other eLEE analyses, on Wednesday October 27th, 2021, at 10 am CT. Figure 9.9

shows the full reconstructed energy spectrum, including the signal region, for the 1eNp0π and

1e0p0π channels. The first remarkable observation is that the data visually agrees with neither the

intrinsic neutrino-only prediction nor the eLEE model. The prediction overestimates the data in

the 1eNp0π channel and underestimates it in the 1e0p0π channel. The implications of this energy

spectrum are further explored in the following few sections.

Within the 1eNp0π signal region, we further explore the features of the deficit of events by look-

ing at the distribution of the angle with respect to the beam and proton kinetic energy, as show in
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Figure 9.8: The near sideband allows data/Monte Carlo comparisons in regions where the signal is visible, but with no
statistical sensitivity. The left column shows distributions in the medium event ID region, while the right one is in the
medium energy range. The first row illustrates distributions at preselection, while the second one at loose selection. The
four variables shown are, in clockwise order, the shower dE/dx, the track‐shower distance, the ratio between the hits
associated with the shower and the total hits in the slice, and the π0 BDT score. The simulation accurately describes the
data within the uncertainty at preselection but underestimates the data in the highest purity regions at loose selection.

fig. 9.10. While in the proton kinetic energy distribution the deficit seems to be constant over the

entire spectrum, the disagreement between the data and the simulation seems to be concentrated in

the forward direction.
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Figure 9.9: The full reconstructed energy spectra at high event ID in the 1eNp0π (left), and 1e0p0π (right) selections.
The prediction overestimates the data in the first channel, while underestimating it in the second one.

Figure 9.10: Two variables provide further insights on the features of the deficit of events observed in the signal region
of the 1eNp0π channel: the angle with respect to the beam (left) and the proton kinetic energy (right).

9.2 Statistical test of new physics

We perform three different statistical tests for quantifying the presence of new physics. First, we

quantify how well the prediction matches the data by performing a simple test of goodness of fit.

Second, we perform a simple hypothesis to distinguish between the two hypotheses, with or with-

out the eLEE model. Third, we expand this simple hypothesis test to a composite test in which the

signal has a fixed shape, but its total normalization is allowed to float by a scaling factor μ. We extract

the best fit value and a confidence interval for μ.
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The common element to these three tests is the Combined Neyman-Pearson (CNP) χ2 test statis-

tic 309, defined as:

χ2 =
∑
i,j

(ni − νi)Σ−1
ij (nj − νj) (9.1)

Σij = Σ stat CNP
ij + Σ syst

ij , (9.2)

with i and j running over the bins, and n refers to the observed, while ν to the predicted bin content.

The statistical covariance matrix is defined as

Σ stat CNP
ij = 3/(1/ni + 2/νi)δij, (9.3)

in order to cancel at first order the bias introduced by using the Gaussian approximation of statisti-

cal uncertainties in place of the Poisson likelihood, while remaining compatible with the covariance

matrix formalism.

Modeling of electron neutrinos

The agreement between the observed data and the prediction is obtained using the χ2 test statis-

tic with the central value prediction of the simulation. No assumption on the distribution of the

χ2 test statistic is performed. Instead, toy experiments are drawn in the following way. First, a cen-

tral value is sampled according to the distribution described by the systematic covariance matrix.

Secondly, the bin contents are drawn from a Poisson distribution with a mean equal to that cen-

tral value. The data appeared to be consistent with the standard model prediction with p-values of

0.182, 0.126, and 0.098 for the 1eNp0π channel, 1e0p0π channel, and the combination of the two.
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Simple hypothesis test of the eLEE model

The simple hypothesis test is performed to quote the p-value to exclude MiniBooNE’s explanation

based on the presence of additional electron neutrinos in the beam, according to the eLEE model.

The most powerful test-statistic for a simple hypothesis test is the likelihood ratio, according to the

Neyman-Pearson lemma, which is approximated with the difference in χ2 defined as in eq. (9.1):

Δχ2 = χ2(H0)− χ2(H1), (9.4)

where H0 refers to the standard model only, and H1 to the standard model plus eLEE model. The

choice of hypothesis between H0 and H1 impacts the predicted central value and the covariance

matrix used for the χ2 calculation. We compute p-values with respect to the expected distribution

of Δχ2 assuming H1 is true. The sensitivity is obtained by taking the median value of the Δχ2 under

H0.

While the 1eNp0π channel observes an underfluctuation of the data, resulting in a preference

of H0 over H1 (Δχ2 = −3.89, p-value = 0.285, sensitivity = 0.06), the overfluctuation of the

data in the 1e0p0π channel produces a preference for H1 (Δχ2 = 3.11, p-value = 0.984, sensitivity

= 0.249). While the combination of the two analysis channels is dominated by the smaller uncer-

tainty of the 1eNp0π channel, it produces an intermediate result (Δχ2 = −0.58, p-value = 0.748,

sensitivity = 0.049) which shows no clear preference between the two hypotheses. Figure 9.11 illus-

trates the distribution of the Δχ2 test statistics for the 1eNp0π channel, the 1e0p0π channel, and the

combination of the two, under the hypotheses H0 and H1. Vertical lines identified the data and the

median values, which are the quoted sensitivities. In the 1e0p0π channel, the data falls in the tail of

both distributions. While there is a preference for the eLEE hypothesis, the analysis is not powerful

enough to distinguish between the two hypotheses, with a sensitivity of 0.25.
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Figure 9.11: The simple hypothesis test to distinguish the νe intrinsic model only (H0, blue) and the νe intrinsic plus
eLEE signal model (H1, red) relies on computing the distribution ofΔχ2 under the two models. The exercise is repeated
for the 1eNp0π channel only (left), 1e0p0π channel only (middle), and the combination of the two (right). The data
observation is identified by a vertical line, together with the median, or expected sensitivity, to reject one of the two
models assuming the other one is true. Expected and observed p‐values are also quoted, both to rejectH0 andH1.
However, in the final result we only quote the significance to excludeH1.

Signal strength measurement

The last test of the eLEE model is performed by fitting the signal strength μ, defined as the scaling

factor of the total normalization of the eLEE signal. μ = 0 refers to the SM only expectation, or

H0, while μ = 1 to the eLEE model as defined in section 8.2, or H1. Any other value indicates the

presence of a signal compatible in shape with the eLEE model but with a different normalization.

The procedure is based on the Feldman-Cousin approach 310. First, the best value μfit is obtained by

minimizing the following χ2:

χ2(n|μ) =
∑
i,j

(ni − (mSM
i + μmeLEE

i ))Σ−1
i j(μ)(nj − (mSM

j + μmeLEE
j )) (9.5)

Σij = Σ stat CNP
ij (μ) + Σ syst

ij . (9.6)
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Second, the confidence interval is defined using the ordering rule based on the likelihood ratio,

which is approximated by the difference in χ2,

R(x|μ) ∼ Δχ2(n|μ) = χ2(n|μ)− χ2(n|μbest−fit), (9.7)

where n is a generic observation of the bin contents, and μbestfit is the value that minimizes eq. (9.5).

The procedure requires drawing a set of toy experiments for each value of μ at the truth level and

extracting the distribution of Δχ2(n|μ) for each value of μ. The confidence interval at a given con-

fidence level c is the set of all μ for which the observed Δχ2(ndata|μ) is smaller than the c-quantile of

the distribution of Δχ2(n|μ) obtained with the toy experiments. We report results with for a con-

fidence level (CL) of 90%, meaning c = 0.9. Figure 9.12 illustrates the χ2 scan as a function of μ

Figure 9.12: The signal strength μ is extracted through a scan ofΔχ2(data|μ). The expected upper limit at 90% CL,
obtained with the Asimov dataset, assuming μ = 0 is drawn with a blue line. The observed confidence interval at 90%
CL is obtained through the Feldman‐Cousin procedure and indicated with red lines. The exercise is repeated for the
1eNp0π channel only (left), 1e0p0π channel only (middle), and the combination of the two (right).

for the 1eNp0π and 1e0p0π analysis channels, and their combination, while table 9.1 summarizes

the results. The sensitivity is computed by taking the data equal to the Asimov dataset, which is

the dataset with bin-content values equal to the predicted values for μ = 0. The 1eNp0π analysis

observed a best-fit point of μ = 0, with an upper limit of 0.82 at 90% CL, lower than the sensi-

tivity, equal to 1.16. In contrast, the 1e0p0π analysis shows a two-sided interval between 1.13 and
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Channel μbest−fit 90% CI on μ 90% expected upper limit on μ
1eNp0π 0.00 [0.00, 0.82] 1.16
1e0p0π 4.00 [1.13, 15.01] 3.41
1eNp0π + 1e0p0π 0.36 [0.00, 1.57] 1.07

Table 9.1: Summary of the signal strength measurement in terms of best‐fit value, 90% confidence interval, and 90%
expected upper limit (sensitivity).

15.01, with the best fit value of 4 and an expected upper limit of 3.41. Despite the value μ = 0

being excluded at 90% CL, the confidence interval is wide, justifying the low sensitivity of this chan-

nel alone. As expected, combining the two channels results in a wider confidence interval than the

1eNp0π channel alone. We exclude all values of μ smaller than 1.57, mildly ruling out the eLEE sig-

nal model under study.

Comparison with the other analyses

The other analyses targeting electron neutrinos in MicroBooNE, namely the CCQE one, targeting

the 1e1p0π final state and using deep-learning-based reconstruction, and the inclusive νeCC analysis

based on the WireCell reconstruction framework, observe results compatible with this work. Fig-

ure 9.13 summarizes and compares the data from all analyses. The left plot shows the ratio between

the observed and the predicted number of events with no eLEE model in their respective signal

regions. The standard model expectation of one is shown with the corresponding systematic un-

certainty, while the red line identifies the expected ratio if the eLEE model was true. The observed

ratio appears consistently below one for all analyses aside from the 1e0p0π channel, although con-

sistent with one within systematic uncertainties. The right plot illustrates the result in terms of the

signal strength μ for the different analyses. The blue band around one represents the expectation

μ = 1 with systematic uncertainties in case the eLEE signal model was true. The red lines illustrate

the expected upper limits, while the black lines show the observed confidence intervals at the 1 and
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Figure 9.13: The different eLEE analyses report results consistent with each other within uncertainties. Most analyses
report a null result, aside from the 1e0p0π channel, which results in a preference for the eLEE signal, although with
weak significance. The ratio between the number of observed and predicted events in the signal regions is below one
in most analyses (left), and it is typically incompatible with the expectation under the eLEE model. When extracting the
signal strength, all analyses but the 1e0p0π selection report an upper limit (right), often stronger than the expected one
because of the underfluctuation of the data with respect to the prediction.

2 σ level. All analyses aside from the 1e0p0π channel report an upper limit, varying between ∼ 0.3

and ∼ 1, consistently and consistent with the ratio of the observed and expected number of events

described before.

9.3 Interpretation and implications

The most important implication of this result is the preference of the standard model with respect

to simple explanations of the MiniBooNE anomaly in terms of an additional component of νe in the

beam. Although fig. 9.13 seems to show that this explanation is ruled out at more than 2 σ, the cur-

rent eLEE model does not include systematic uncertainties in the unfolding procedure. It has been

pointed out that by introducing uncertainties in the unfolding process, the significance reduces, and

the upper limit increases 208.

On top of this simplistic model invoked as an explanation of the MiniBooNE anomaly, Micro-

BooNE’s data allows tests of more realistic models, like the presence of one light sterile neutrino on
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top of the three active ones. The observation of an underfluctuation of the data with respect to the

prediction in selections enriched with electron neutrinos can be interpreted as no electron neutrino

appearance and a hint of electron neutrino disappearance. A complete study requires exploring the

entire parameter space with two mixing angles and one oscillation frequency. Preliminary results

show mild evidence of electron neutrino disappearance 311, or simply an exclusion in parameter

space 208 as systematic uncertainties wash out any proof of oscillations. The second study points

out that, despite the increase in significance due to the underfluctuation of the data, the inclusive

analysis cannot exclude the interesting part of the best-fit region to MiniBooNE data (plot on the

right in fig. 9.14). However, preliminary results from the MicroBooNE collaboration show that the

Figure 9.14: the inclusive analysis based on the WireCell reconstruction framework can be further interpreted in terms
of the light sterile neutrino model, with three active neutrinos and one light sterile neutrino. The parameter space of
interest is defined byΔm2

14 and sin
2 2θeμ, profiling (or marginalizing in the case of Bayesian analysis) over the other

free parameter. The left plot, taken from312, shows the result obtained using theCLs method, using BNB data only (red)
and the combination of BNB and NuMI data (purple). The combination can exclude most of the best‐fit regions to LSND
data. The right plot shows the exclusion at 3 σ obtained by recasting the inclusive analysis with BNB data only. This
plot emphasizes that the result is significantly stronger than the sensitivity (dashed line) because of the smaller number
of observed events with respect to the expectation. Despite this stronger significance, the line does not carve out a
significant portion of the MiniBooNE best‐fit region.

combination of BNB and NuMI data can place essential constraints in the parameter space, carving
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out significant portions of the best-fit regions to LSND data (plot on the left in fig. 9.14). Further

analyses are expected to be released soon, with a more refined analysis and a larger dataset.

The data excess in the 1e0p0π channel is a little mysterious, although not particularly significant

at this stage. One straightforward interpretation is in terms of migration of events from 1eNp0π

channel: a mismodeling of the track simulation and reconstruction at low energy would result in

fewer events with low energy protons in the 1e0p0π channel than observed in the data. However,

the excess is observed in a region with low νeCC purity, and, in the absence of further data, it is in-

terpreted as an overfluctuation of the data.
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Imagine that right here, right now, dark matter scientists

are holding a conference about what they call dark matter.

A scientist illustrates their theory of dark matter, described

by a gauge group SU(3)C × SU(2)L × U(1)Y with sponta-

neous symmetry breaking and many other complex features,

what would the other scientists say? They would probably

start laughing, saying it is too complicated because nature is

undoubtedly simple.

Christopher Stubbs

10
Epilogue

I wish I could open this thesis again in a few decades with the awareness the short base-

line anomaly puzzle has been solved. Indeed, the work described in this thesis can be framed in the

general evolution of the short baseline neutrino anomaly puzzle over the past five years. Despite new

experimental measurements and theoretical insights, something remained constant: the puzzle is

still far from being solved.
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From the experimental side, some results grew more robust, and some became weaker. Thanks

to more accurate input data to the flux calculations and a new generation of experiments capable of

sampling the event rate at different distances, the reactor antineutrino anomaly seems to be signifi-

cantly reduced and likely disappeared. At the same time, the BEST experiment confirmed the long-

lasting gallium anomalies (GALLEX and SAGE) with an even larger significance. This anomaly was

observed at distances and energies similar to reactor antineutrinos but using sources producing elec-

tron neutrinos. These two results are in strong tension if interpreted under the light sterile neutrino

hypothesis. The new light sterile neutrino search in IceCube confirmed the lack of evidence for

muon neutrino disappearance. This analysis is especially interesting because it tests the hypothesis

by looking for a resonant shift to the sterile state induced by the matter effects of atmospheric neu-

trinos passing through the Earth. However, some people interpreted the closed contour at 90% CL

and the agreement with the SM with a p-value of 8% (1.4 σ to reject the SM) as mild hints for light

sterile neutrinos. And while the latest iteration of the MiniBooNE analysis confirmed the excess

and its significance, and proved to be related to the beam, MicroBooNE made public the first, long-

awaited iteration of the short baseline searches, of which part III discusses a part of a broader col-

laboration effort. Both the single photon search 207 and the electron neutrino searches 203,204,205,206

reported null results. However, these results are not sensitive enough to fully exclude the LSND

and MiniBooNE best-fit regions. The lack of an excess in the electron neutrino searches has been

used as evidence against the MiniBooNE observation. However, this statement is invalid because

of the difficulties in making model-independent comparisons. Indeed, the backgrounds in the two

analyses are very different, with MicroBooNE measuring a much purer spectrum of electron neu-

trinos. If interpreted under the light sterile neutrino model, MicroBooNE instead seems to observe

a mild hint of electron neutrino disappearance, washed out by systematic uncertainties. Moreover,

MiniBooNE and MicroBooNE use different models for generating neutrino interactions. Although

tuned on their respective data, re-interpretation of this data with the same neutrino-interaction
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model would be highly insightful.

Across the theoretical landscape, a mindset shift thoroughly established the difference between

short baseline anomalies, meaning the mere experimental results, and their interpretation under the

light sterile neutrino hypothesis, concepts too often mixed and tangled. This mindset shift instilled

the idea that short baseline anomalies might be the result of many different physical effects rather

than a single new physics effect. Many more model proposals flourished: they are based on heavy

sterile neutrinos, light mediators, and dark portals that could explain at least some of the anomalies.

These models, some of which we studied in part II, are exciting because the light sterile neutrino

interpretation requires a workaround to accommodate the many null results, as discussed in sec-

tion 2.4. It is moreover not particularly well-motivated theoretically, while heavy sterile neutrino

models could explain the origin of neutrino masses, and dark sectors could involve the particles that

make up dark matter.

Even though the short baseline anomaly puzzle is complex and easily changeable, I still believe,

as I did when I started this journey, that it is one of the most interesting open problems in particle

physics these days. New experiments, theoretical frameworks, and tools are coming up, making

prospects look very exciting.

From the experimental point of view, I believe we need bold projects capable of testing the

LSND and MiniBooNE results with large sensitivities and are ideally able to distinguish between

different interpretations. Indeed, many low-sensitivity results, either anomalous or in agreement

with the standard model, made the picture only blurrier and more confusing. I am looking for-

ward to the results of JSNS2 313,314, which will replicate the LSND experiment with a much larger

statistic, lower background, and a better understanding of systematic uncertainties. Using two liq-

uid scintillator detectors at different baselines, with sections loaded with gadolinium to improve

the neutron capture rate, it will uniquely test all the LSND allowed parameter space. The IsoDAR

experiment at YemiLab 315,316, South Korea, will also provide high-sensitivity results. A new exper-
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imental approach allows the production of a large flux of 8Li, which beta decays producing ν̄e with

energies between 3 and 13 MeV. Paired with a 2.3 kton liquid scintillator detector, the experiment

will collect 1.6 million inverse beta decays, at distances L ∼ 1 − 10 m. Such an experiment would

be sensitive to several oscillation wiggles for the preferred values from the BEST experiment, making

conclusive statements about electron antineutrino disappearance. It will also be able to differentiate

the vanilla model from models with more than one sterile neutrino or where sterile neutrinos de-

cay on distances of the order of the oscillation wavelength. Lastly, testing the oscillation hypothesis

with coherent neutrino-nucleus scattering will also achieve strong sensitivities. These measurements

would sample the total flux of neutrinos, being sensitive to a possible disappearance rate. Addition-

ally, as for the case of the Short Baseline Neutrino program, multiple detectors could sample the

neutrino rate at different distances along the same beamline to provide measurements of the oscilla-

tion wiggles, should the light sterile neutrino hypothesis be proven correct.

On the other hand, new and larger experiments will not be enough without significant techno-

logical and tool development work. For example, the MicroBooNE experience taught us that liquid

argon technology still requires more technical work to fully express its potential, achieving the high

reconstruction and selection efficiencies that the technology could be capable of. The work done on

tracks and shower classification, discussed in chapter 7, is an example of this direction: although ion-

ization and charge deposition was already understood decades ago, there was still room to improve

the modeling of the detector measurement and reconstruction of the charge, and drastically increase

selection efficiencies. However, because it is more specific and of narrower interest to the commu-

nity, this type of research is often not rewarded as much as measurements of physical observables.

Similarly, improving the computational and statistical tools would benefit current and future

experiments. Because the datasets are becoming larger and larger, computational time plays a crucial

role. For example, the SBND experiment will have a significant pile-up of neutrino interactions,

meaning that a substantial fraction of the events will contain two or more neutrino interactions.
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Such event rates are orders of magnitudes larger than previous generation experiments. Reducing

times from days to hours or even minutes is often possible thanks to new libraries and programming

languages, multiplying the number of possible analyses and limits that can be cast.

Statistical methods also improved significantly, showing limitations of the approximate cal-

culations used in the past. A clear example comes from the many reactor experiments, where it

was shown that Wilks’ theorem could inflate the results significantly 317,76. Another example is

Neutrino4, whose statistical treatment was criticized because it can artificially create wiggles and

bolster the significance of the result 82.

If properly implemented, these improvements would also contribute to better treatments of sys-

tematic uncertainties, resulting in larger sensitivities. Many recent experimental results are limited

by systematic uncertainties or have comparable systematic and statistical uncertainties. Better tools

like multi-universe approaches, such as the SnowStorm method used in IceCube 276 to handle de-

tector systematics, will dramatically improve the impact of detector systematic uncertainties on the

final results.

From the phenomenological side, I believe that critically re-reading, re-understanding, and re-

interpreting the critical experimental results, like LSND and MiniBooNE, would prove beneficial.

Many of these results became stories repeated many times at conferences and workshops to the point

that I would not be surprised if someone noticed details that the community has overlooked. For

example, when scrutinizing results from the PS191 experiment from the 1980s, we discovered that

the constraints on the heavy neutrino parameter space were overestimated by a factor of ∼ 6, as dis-

cussed in chapter 4. Similarly, looking more broadly at all experimental measurements can result in

constraints on new-physics models that the experiment was not even designed to test. An example

is the novel test of possible new physics explanations of the KOTO anomaly performed by Micro-

BooNE 197, or the recent constraints on dark sector models obtained using data from the CHARM

experiment 318,236.
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The phenomenology panorama will also tremendously benefit from improvements in the simu-

lation and analysis tools. I am looking forward to the latest developments brought by the Achilles

generator 319, which will extend MadGraph to neutrinos and dark sector models, and by LeptonIn-

jector and LeptonWeighter 320, that allow simulations and weighting of neutrino events in arbitrary

geometries, for arbitrary fluxes and cross sections. The statistical tools to explore and set constraints

on large parameter spaces also require more development. The work discussed in chapter 5 allowed

us to interpolate predictions across the parameter space in a fast way, and to easily cast constraints

on any slice of the parameter space. If interfaced with posterior sampling and a more accurate sim-

ulation, it has the potential to cast limits on many different models from the same dataset, speeding

up the rejection of the ones that turned out to be excluded. In this sense, I also believe that setting

up more precise standards on how to set and compare limits e.g.Bayesian or frequentist, profiled or

marginalized, etc. will clear up some of the confusion that often emerges when comparing different

papers. Lastly, better inputs from experimental collaborations will be highly beneficial. It would be

constructive if the community would agree on a standardized way to share and release the data for

every analysis and measurement. It would be extremely important if this release contains the Monte

Carlo simulation with the list of events, together with reconstruction and selection efficiencies as a

function of the causal variables: i.e.the e+e− selection efficiency depends on the invariant mass of

the pair through the momenta and the opening angle, and extrapolating it to different models or

different invariant mass values is difficult without knowing how the efficiency varies as a function of

momenta and angles.

While some of the anomalies might indeed be induced by new physics, some others might be

caused by wrong estimates of systematic uncertainties. For this reason, developments in cross-

section calculations and predictions are essential. New input data from beta decay measurements,

together with a strong effort to update the calculations of the reactor antineutrino flux, cleared up

the confusing panorama of reactor antineutrino measurements that started ten years ago. Analo-
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gous efforts for the gallium electron capture cross section and the flux of the chromium and argon

sources might shed new light on the radiochemical anomalies. Similarly, improvements in the accel-

erator neutrino cross sections for charged current and photon production and a deeper understand-

ing of final state interactions, the interactions final state particles undergo while exiting the nucleus,

could bring new insights into the MiniBooNE and LSND anomaly. However, we need to acknowl-

edge that most of these estimates are connected to well-understood neutrino physics: for example,

the gallium electron capture cross section is the same that provided measurements of the solar neu-

trino flux, while cross sections for producing resonances decaying into single photons in the nucleus

are tightly related to similar and well measured nuclear processes.

Circling back to the research illustrated in these pages, these null results for interpretations of the

anomalies based on heavy or light sterile neutrinos are two additional pieces to the short baseline

anomaly puzzle. These results and the full development of the field over the past few years taught us

that if new physics lies behind the short baseline anomalies, it is certainly not described by a simple

model, and we do not have any good reason why this should be the case. Although the picture looks

still uncertain, pursuing the study of short baseline anomalies is extremely relevant, especially while

many other experiments in the lab find agreement with the Standard Model with unprecedented

precision. Perhaps, some new physics will be discovered, which might unveil hints towards detecting

dark matter, understanding baryogenesis, and solving the hierarchy problem, currently the most

important open questions in fundamental physics. But even if new physics does not lie behind the

short baseline anomalies, there is certainly something to understand.
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