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Abstract

This thesis presents work done in the context of the Neutrino Intensity Fron-

tier. Cross section measurements for charged current coherent pion produc-

tion by neutrinos and antineutrinos on argon are presented. These measure-

ments are performed using the Argon Neutrino Test (ArgoNeuT) detector

exposed to the NuMI beam at Fermilab. The cross sections are measured

to be 2.6+1.2
−1.0(stat)+0.3

−0.4(syst)× 10−38cm2 per argon nucleus for neutrinos at

a mean energy of 9.6 GeV and 5.5+2.6
−2.1(stat)+0.6

−0.7(syst)× 10−39cm2 per argon

nucleus for antineutrinos at a mean energy of 3.6 GeV. This is the first time

this interaction has been measured in argon and the first time it has been

measured using an automated analysis.

In the context of the Muon Ionization Cooling Experiment (MICE), the

later chapters of this thesis present work concerning the precise tracking of

muons in the MICE detectors which will be fundamental for the demon-

stration of ionization cooling. The relation between MICE, the Neutrino

Factory and nuSTORM is explored in the early chapters of this thesis and

the physics potential of neutrino beams from the decay of muons is reviewed.
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1 Introduction

1.1 The Contents of this Thesis

The recent years have been rich in cornerstone discoveries in Particle Phys-

ics. The year of 2012 was marked by the measurement of θ13 and 2013 by

the discovery of the Higgs boson at the LHC. While these are significant

steps towards the completion of the Standard Model, there are still fun-

damental questions that are unanswered, many of these belonging to the

neutrino sector.

This thesis comprises work done in two different experiments, Ar-

gon Neutrino Test (ArgoNeuT) and Muon Ionization Cooling Experiment

(MICE), which are, each in their own way, breaking ground in the neutrino

Intensity Frontier. A consensual statement that can be made at the time

of this writing is that the pathway to a better understanding of the neut-

rino sector comprises better knowledge of neutrino cross sections and better

neutrino beams. The unfolding of the physics in the neutrino sector can

only be achieved from the analysis of neutrino oscillation data if the uncer-

tainties associated to the neutrino beam and the interaction cross sections

are controlled.

Chapters 2 and 3 contain the neutrino physics theory necessary for the

understanding of the rest of this thesis. These chapters cover the domains of

neutrino mixing and neutrino interactions with matter, making an overview

of the basic formalism and the main experimental results to date. The

production of neutrino beams in accelerator experiments is reviewed. The

alternatives to the state-of-the-art accelerator beams are presented, with

particular attention being given to the Neutrino Factory and Neutrinos from

Stored Muons (nuSTORM) concepts.

The physics opportunities at nuSTORM are briefly discussed in Chapter

2 and resumed later in Chapter 3 where the potential for cross section

1



measurements is emphasised. The length of the discussion concerning the

Neutrino Factory and nuSTORM facilities is a consequence of the authors

involvement in the nuSTORM project and of the relation between the Neut-

rino Factory and the MICE experiment. Chapter 4 presents a cross section

measurement of charged current coherent pion production using the Ar-

goNeuT detector.

Chapter 5 introduces some accelerator concepts culminating with the de-

scription of the ionization cooling technique and the experiment designed

to demonstrate it, MICE. Chapter 6 shows work done towards the precise

tracking of muons in MICE’s scintillating fibre spectrometers, which will be

fundamental for the success of the experiment.
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2 Neutrino Mixing

Due to the illusive nature of neutrinos granted by their charge and colour

neutrality, the history of Neutrino Physics has been rich in mysteries. The

knowledge built up to the date is a result of decades of effort and we are

indebted for it to a large number of experiments observing neutrinos. This

chapter presents a review of the fundamental concepts for understanding

neutrino mixing and its measurement via the observation of neutrino os-

cillations. A summary of the results obtained so far is given and current

experimental requirements are discussed. The focus in the final sections is

on how neutrino beams are currently produced – conventional beams – and

what the alternatives are. Special emphasis is given to the Neutrino Factory

case.

2.1 Neutrino Mixing

We know today that the neutrinos have non-zero masses and that the leptons

mix. There are at least three mass eigenstates, ν1, ν2, ν3, and the three neut-

rino flavours νµ, νe, ντ result from the quantum-mechanical superposition

of the former, although the fraction of each mass eigenstate leading to each

flavour state is not known with precision. Experiments studying solar and

atmospheric neutrinos have shed some light on the spectrum of the mass

eigenstates. We know that two are separated by a small difference and the

third is separated from the other two by a larger difference. The way these

mass eigenstates are ordered, the Hierarchy, is still not known. In one scen-

ario, the closest pair would be at the bottom and the third eigenstate would

be at the top. This would resemble the quark and the charged lepton spec-

tra, for which this scheme is known as Normal. The other possibility is to

have the third mass eigenstate at the bottom, in which case the spectra is re-

ferred to as Inverted. This is the problem of the mass hierarchy and it is one
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of the outstanding challenges in the neutrino sector. Moreover, while the

mass differences have been measured, the absolute mass value of each mass

eigenstate is still unknown. Since there are three mass eigenstates, there

are only two independent mass splittings. For historical reasons, we usually

refer to ∆m2
21 = m2

2 −m2
1 and ∆m2

32 = m2
3 −m2

2, known as the “solar” and

the “atmospheric” neutrino mass squared differences. The other splitting

can be inferred from ∆m2
12+∆m2

23+∆m2
31 = 0. These concepts, of neutrino

mixing and mass splittings, are illustrated in Figure 2.1.

m
2

0

solar~7×10−5eV2

atmospheric

~2×10−3eV2

atmospheric

~2×10−3eV2

m1
2

m2
2

m3
2

m
2

0

m2
2

m1
2

m3
2

ν
e

ν
µ

ν
τ

? ?

solar~7×10−5eV2

Figure 2.1: Neutrino mass eigenstates in Normal and Inverted order. The
splittings ∆m2

12 and
∣∣∆m2

23

∣∣ have been measured but the order –
the mass hierarchy – is still unknown. In addition, the absolute
mass scale of the eigenstates is also unknown. Figure extracted
from [1].

Formally, the three flavour neutrino mixing is described by a 3×3 mixing

matrix known as the Pontecorvo-Maki-Nakagawa-Sakata (Pontecorvo-Maki-

Nakagawa-Sakata (PMNS)) matrix or the Leptonic Mixing matrix [2, 3]. It

is an analog of the quark Cabibbo-Kobayashi-Maskawa (CKM) mixing mat-

4



rix [4]. Using the PMNS matrix, one can relate mass and flavour eigenstates:
ν1

ν2

ν3

 =


U∗e1 U∗µ1 U∗τ1

U∗e2 U∗µ2 U∗τ2

U∗e3 U∗µ3 U∗τ3




νe

νµ

ντ

 . (2.1)

The mixing matrix is expected to be unitary, otherwise the mixing would

not conserve the number of neutrinos because the particle number depends

on the square of the amplitude of the mixing terms. We can decompose the

PMNS matrix in four parts, separating the three rotation angles θ23, θ13,

θ12 and the Charge Parity (CP)-violating phases φ2, φ3 and δ:

U =


1 0 0

0 c23 s23

0 −s23 c23




c13 0 s13e

−iδ

0 1 0

−s13e
iδ 0 c13




c12 s12 0

−s12 c12 0

0 0 1




1 0 0

0 eiφ2/2 0

0 0 eiφ3/2


= R(θ23)U(θ13, δ)R(θ12)U(φ2, φ3) (2.2)

where, for concision, sij ≡ sin θij and cij ≡ cos θij . The rotation angles θ23,

θ13, θ12 are constrained to the interval [0, π] because only squares of the

mixing matrix will enter into observable quantities, thus making the change

in sign brought to the matrix by an angle θ = θ + π indistinguishable. The

CP violating phases can have any value in [0, 2π]. The phases φ2 and φ3

are non-zero only in the case of the neutrinos being Majorana particles –

i.e., their own antiparticles. Experiments observing neutrino oscillations are

insensitive to them, they are the subject of interest of experiments measuring

double beta decay. They will not be mentioned again in this text.

The matrix decomposition presented is interesting because it separates

terms logically (and experimentally) related. R(θ23) and R(θ12) are rotation

matrices between the neutrino states in index. As will be shown later, the

θ12 angle was measured by experiments studying solar neutrinos, θ23 by

atmospheric experiments and θ13 was recently measured by the T2K [5]

and Daya Bay [6] collaborations. The elements of the CKM matrix have

been known for many years and it was anticipated that the leptonic mixing

5



matrix would be similar, but it is not. While CKM matrix is uniform along

the diagonal and small or very tiny off the diagonal, the PMNS matrix has

elements which are large everywhere. The fact that the two matrices look

so different puzzles the theoretical community.

However, the greatest reason for interest in the measurement of the PMNS

matrix elements is the CP violating phase δ, commonly referred to as δCP .

This phase enters physics through θ13, which is relatively large. CP viola-

tion in the leptonic sector is of the uttermost importance as it may play a

fundamental role in the generation, via leptogenesis, of the baryonic asym-

metry observed in the Universe (see reference [7] for an introductory text on

the subject). A measurement of δCP is the most relevant goal of the physics

program of the neutrino sector, but also a difficult one which requires many

advance in the whole field. New facilities, whether based on current designs

or entirely new ideas are in order. Better understanding of the interaction

of neutrinos with matter – see Chapter 3 – will also be required so that

the systematic uncertainties are compatible with the precision necessary for

this measurement.

2.1.1 Constrains on Neutrino Number and Total Mass

The number of neutrinos, so far assumed to be three in order to match the

number of charged leptons, has been constrained by collider and cosmolo-

gical data.

At the Large Electron Positron (LEP) collider e+ + e− collisions were

observed and the production of the Z boson was measured. The total width

of the Z resonance is the sum of the visible width, from Z decays to quarks

and charged leptons, and the invisible width, from the decay into neutrino

species with mass less than half of the Z mass. This number was used to

constrain the number of active light neutrino eigenstates. It was found to be

2.984±0.008 [8]. This measurement can’t be used to constrain the existence

of hypothetical heavier or sterile neutrino species, i.e., neutrinos that don’t

couple to the weak gauge bosons.

Notably, cosmological data has also been used to constrain the number

of neutrino species and the sum of their masses. An explanation of how the

radiation density and the cosmic matter density can be used to constrain

these values can be found in reference [9]. The effective number of neutrinos,
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Neff , determined by these experiments consists of the number of neutrinos,

active or sterile, that were light enough (< 10 eV) to be relativistic in the

early Universe. Combining the Planck measurements [10] with other notable

datasets [11–15], estimations of Neff have been presented. Although the

exact estimation depends on the choice of experiments that are combined,

Neff = 3 is favoured. However, Neff = 4, which would add one light sterile

neutrino, is not ruled out. A combined analysis is also used to place an

upper bound on the sum of the neutrino masses which is estimated to be

less than 0.230 eV to 95% confidence level [10].

2.2 Neutrino Oscillations

Neutrino oscillations are a manifestation of neutrino mixing. They were

first suggested by Bruno Pontecorvo [16] in 1967, eleven years after the

experimental discovery of neutrinos by Cowan and Reines [17]. Experiments

observing atmospheric, solar, reactor or accelerator neutrinos have offered

compelling evidence that neutrinos change flavour while they travel. From

the study of these oscillations, the mixing angles and the squared mass

differences of the mass eigenstates can be determined. In this section, the

formalism of neutrino mixing is presented and the oscillation probability is

described [18].

At the moment of its creation, a neutrino of flavour α = {µ, e, τ} can be

decomposed in terms of the mass eigenstates as:

|να(0)〉 =
3∑
i=1

Uαi |νi〉 , (2.3)

where the sum runs over the mass eigenstates i = {1, 2, 3} and Uαi are

complex conjugates of the matrix elements introduced in 2.1. The evolution

of the weak flavour state for later times t can be written using the time

propagator:

|να(t)〉 =

3∑
i=1

e−iEitUαi |νi〉 , (2.4)

where Ei =
√
p2
i +m2

i is the energy of the ith mass eigenstate. The prob-

ability of oscillation from one weak eigenstate to another (α′) is found by

7



taking the square of the quantum mechanical amplitude for that transition:

Posc(να → να′) = |〈να′ |να〉|2 , (2.5)

where, using the orthogonality between mass eigenstates, < νi|νj >= δij ,

the amplitude is:

〈να′ |να〉 =
3∑
i,j

〈νi|U †iα′e
−iEitUαj |νj〉

=
3∑
i

e−iEitUαiU
∗
α′i. (2.6)

Assuming propagation in vacuum, a relativistic neutrino of momentum p ≈
E and a traveled distance L, the probability of oscillation is:

Posc (να → να′) =

∣∣∣∣∣∑
i

Uα′i exp

(
−i∆m

2
kiL

2E

)
U∗αi

∣∣∣∣∣
2

(2.7)

=

∣∣∣∣∣∣
∑
i 6=k

Uα′i

(
exp

(
−i∆m

2
kiL

2E

)
− 1

)
U∗αi + δα′α

∣∣∣∣∣∣
2

.

The oscillation probability is simplified when admitting that the oscillation

happens between only two weak states, which is a good approximation for

a number of experiments. In this case, we obtain:

Posc (να → να′) = sin2 (2θ) sin2

(
1.27∆m2 L(km)

E(GeV)

)
. (2.8)

The oscillation probability is now easier to understand. The mixing angle,

θ, determines how different the weak states are from the mass states. If θ is

zero, no oscillation can happen, the weak states are conserved and equal to

the mass states. If θ = π/4, the mixing is maximal and at some point all να

convert into να′ . In experiments using artificial neutrino sources, the L/E

ratio must optimised by the design of the experiment so that the oscillation

probability is maximised at the detector location.
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2.2.1 Matter Effects

The probability of oscillation 2.7 assumes propagation in vacuum. In the

presence of matter [19], all neutrinos can interact with the medium via Z0

exchange. However, electron neutrinos have the additional possibility of

exchanging charged W± bosons with the surrounding electrons. Therefore,

the electron neutrino electro-weak potential changes differently relatively to

the other flavour eigenstates. The difference in the potential is:

Ve = GF
√

2Ne; (2.9)

where Ne represents the local electron density and GF is the Fermi coupling

constant. The effective mass of electron neutrino becomes:

m2 = E2 − p2 = (E + Ve)
2 ≈ m2 + 2EVe. (2.10)

So the difference relatively to the vacuum mass is:

∆m2
M = 2

√
2GFNeE. (2.11)

The patterns of oscillation are, therefore, modified. The modification is also

dependent on the density profile the neutrinos transverse. For a medium

of constant density, the oscillation probabilities have the same form, with

the mass squared difference being replaced by the effective mass-squared

difference. In the case of a medium with varying density new effects arise.

Moreover, the calculation becomes particularly extensive if sterile neutrinos

or new, non-standard, neutrino interactions are admitted.
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νe, νµ, ντ νe

Z0

νe

e−

W+

e−e−e−

νe, νµ, ντ

Figure 2.2: Feynman diagrams for neutral and charged current interactions
of neutrinos with electrons. While all neutrino flavours can in-
teract with the electrons of the environment via neutral cur-
rent exchange (left), only the electron neutrinos can exchange
charged currents (right).

2.3 Neutrino Sources

The measurement of all the neutrino properties mentioned so far is not

possible without very intense neutrino sources. It is common to list neutrino

sources in two groups: natural sources and artificial sources.

The highest intensity natural sources of neutrinos are extra-terrestrial.

Most of the neutrinos that travel through the Earth are produced in the

Sun as a result of the thermonuclear fusion reactions at its core. The main

reaction source is proton fusion, p+p→ d+e++νe, which accounts for about

86% of the solar neutrinos. The whole fusion chain into heavier elements

is well understood, which means that the resulting neutrino spectra can be

predicted with good precision – see Figure 2.3 from John Bahcall [20].

At the same time a precise estimation of the solar-neutrino flux was ob-

tained, an experiment was built to measure it, the Homestake Solar Neut-

rino Detector [21], via the observation of the inverse beta decay reaction

νe +37 Cl →37 Ar + e−. The observed event rate was one third of that

expected and this puzzling observation became celebrated as the “Solar

Neutrino Problem”. It would lead to the discovery of neutrino oscillations:

the electron neutrinos oscillate into muon neutrinos while travelling from

the Sun to the Earth.

Another natural source is atmospheric neutrinos. Atmospheric neutrinos

are created by the interaction of cosmic rays in the upper layers of the

atmosphere producing pions and muons that decay into neutrinos. The
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Figure 2.3: The solar neutrino spectrum, John Bachcall’s solar model [20].
The disagreement between the Bachcall’s prediction of the solar
neutrino spectrum and the measurements at the Homestake
Solar Neutrino Detector [21] are the basis of the Solar neutrino
problem.

energy spectra of these neutrinos can also be estimated [22]. Although the

uncertainties in this case are higher, they cancel out when estimating the

expected ratio of electron to muon neutrinos that are produced: the number

of muon neutrinos created is expected to be twice the number of electron

neutrinos. The uncertainty associated to this ratio is 5% [23]. The ratio

observed showed fewer muon neutrinos that expected and this was believed

to be due to νµ → ντ oscillations. The ratio of muon to electron neutrinos

is expected to be ∼ 2, but a deficit of muon neutrinos was found – this

is know as the “Atmospheric Neutrino Problem”. The Super-Kamiokande

collaboration would measure the zenith angle dependance of the deficit,

finding it consistent with νµ → ντ oscillations [24].

Cataclysmic events such as a supernova collapse produce a brief emis-

sion of neutrinos which outshines any other source. In 1987, such a burst
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occurred in the Large Magellanic cloud, the supernova SN1987A. The neut-

rinos created induced short periods of great activity in the Kamiokande [25]

and IMB [26] water Cherenkov detectors. Although intense, these bursts

are rare and their appearance unpredictable so they cannot be relied upon

for continuos research. The list of natural sources of neutrinos wouldn’t be

complete without mentioning geo-neutrinos, which are electron neutrinos

created by the β-decay of heavy elements inside the Earth and relic neutri-

nos which are a remnant of the early Universe just after the Big Bang, just

like the cosmic microwave background. Although the flux of geo-neutrinos is

very small, it still contributes with a measurable background to some neut-

rino experiments. The density of relic neutrinos is estimated as 340 ν cm−3

and they are assumed to be nearly at rest.

Artificial or man-made sources consist of reactor and accelerator neut-

rinos. At nuclear reactors, antineutrinos are produced from the β-decay

process n → p + e+ + ν̄e. The neutrinos are emitted isotropically so the

flux decreases with the square of the distance between the reactor and the

detector. The energy of the antineutrinos produced is low, < 10 MeV. Fi-

nally, neutrinos can also be produced in dedicated accelerator experiments

with some degree of control over the energy spectra and flavour content of

the neutrinos that are produced. The production of these starts with the

creation and acceleration of a proton beam onto a target where mesons are

created. The mesons are captured using magnetic lenses and form a beam.

Once the mesons decay, a neutrino beam is created. The set of stages just

described are those usually employed at conventional-facilities. More detail

will be given on these later and on the proposals for new facilities where the

quality of the neutrino beams produced is improved.

2.4 Experimental Anomalies or The Case for

Sterile Neutrinos

The theory outlined so far admits the existence of three neutrino mass ei-

genstates. However, there are experimental hints that suggest other light

mass eigenstates might exist that do not incur in weak interactions. These

hypothetical particles are known as sterile neutrinos. From the experiment-

alist’s point of view, the sterile neutrino hypothesis is born from a set of

12



experimental anomalies measured with low significance.

The first experimental hint of extra neutrino mass eigenstates came from

the LSND (Liquid Scintillator Neutrino Detector) experiment [27]. Using

a water filled tank doped with scintillator, LSND aimed at measuring a

short baseline oscillation (30 m) of ν̄µ → ν̄e. At this oscillation length, the

experiment was sensitive to a mass-squared splitting ∆m2 ≈ 1 eV2. An

excess of ν̄e events was found and the best fit suggested a mass splitting

of ∼ 1.2 eV2 [28]. This value is incompatible with the three mass splittings

known which are 3 to 5 orders of magnitude smaller, suggesting the exist-

ence of at least one new sterile neutrino specie. In order to test the LSND

result, another short-baseline experiment was setup to look for νe appear-

ance: MiniBooNE (Booster Neutrino Experiment). This time, excesses in

both νµ → νe and ν̄µ → ν̄e were found, but at a different energy scale [29,

30]. More stress with the LSND result was added by the KARMEN collab-

oration, an experiment similar to LSND which failed to observe the excess

of electron neutrinos [31].

There are also hints of sterile neutrinos in reactor experiments. These

became celebrated as the “Gallium Anomaly” from the GALLEX and Sage

experiments [32], both counting the rate of conversion 71Ga+νe →71 Ge+e−

and the “Reactor Antineutrino Anomalies” [33], from multiple experiments

counting the rate of inverse decays ν̄e + p → n+ e+ (see Figure [33]). The

number of electron antineutrinos measured in these experiments is below

the expectation. Their results are consistent with scenarios with one or

even two sterile neutrinos, usually referred to as the 3+1 or 3+2 scenarios.

13
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Figure 2.4: Experimental results which embody the Reactor Antineutrino
Anomaly. The red line represents a three neutrino mixing solu-
tion, the blue line consists of a solution where a fourth neutrino
mass state is added, with a mass splitting bigger than 1 eV2.
Extracted from [33].

2.5 Summary of Experimental Results

Experiments observing solar, atmospheric, reactor and accelerator neutrinos

have determined the parameters of the mixing matrix to the level of preci-

sion shown in Table 2.1. The remaining unmeasured parameters are δCP and

the sign of ∆m2
32, which fixes the hierarchy of the neutrino masses. How-

ever, better precision in the measurement of the mixing angles is desirable.

There is also some experimental hints of the existence of sterile neutrino

species which requires investigation. Although there is much controversy,

due to the low significance of the anomalies observed, the contradiction

between accelerator-based experiments and the constraints emerging from

cosmological data, the existence of sterile neutrinos is still a possibility.
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Table 2.1: Current knowledge of the PMNS matrix parameters. Values are
extracted from the 2013 edition of the Particle Data Group re-
view [4].

Parameter Measured Value

sin2 (2θ12) 0.857± 0.024

sin2 (θ13) 0.095± 0.010

sin2 (θ23) 0.950+0.035
0.036

δCP unknown

∆m2
21 (7.50± 0.20)× 10−5 eV2∣∣∆m2
32

∣∣ (2.32+0.12
−0.08)× 10−3 eV2

2.6 Current Experimental Requirements

It is accepted that a measurement of mass hierarchy is within reach of

experiments operating in the near future. To cite some of these experi-

ments, there is PINGU [34] measuring atmospheric neutrinos, Daya Bay

II [35] which is a medium baseline reactor experiment and NOνA [36], a

long baseline accelerator experiment.

At the same time, the upcoming experiments will also be able to increase

the precision with which the oscillation parameters are known. However,

sensitivity studies suggest that measuring δCP might be out of the reach

of any experiment in the near future. The experimental probe for the δCP

measurement are the oscillations
( )

ν µ,e → ( )

ν e,µ. The determination of the

relative ratio of the oscillation probabilities is affected not only by the δCP

phase but also by matter effects. A successful measurement will require

precise knowledge content of the un-oscillated neutrino beam.

In the best of scenarios, an experiment like NOνA could measure δCP

with a significance level of 1.74σ – see Figure 2.5. It is most likely that the

measurement of δCP will not be possible with any of the neutrino sources

we know today and will require the construction of a new class of neutrino

facility.
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Figure 2.5: Significance with which NOνA can establish CP violation
(δCP 6= 0, π) for the given values of sin2(2θ13) and sin2(2θ23) as
a function of delta. This assumes a nominal 3+3 year run plan.
The blue solid (red/dashed) curve shows the sensitivity given
a normal (inverted) hierarchy. It is instructive to look at the
bi-probability plots together with this figure to understand the
dips. NOνA will be the first experiment to provide constraints
on delta, but NOνA will have a difficult time firmly establish-
ing CP violation after a 6-year run. In the best-case scenario,
the significance of the measurement is 1.74 sigma (∼ 92% C.L.)
Figure and caption from “Nova Official Plots and Figures” [37].

16



2.7 Conventional Neutrino Beams

The current generation of accelerator experiments, which we can refer to as

conventional beams, employ a proton beam colliding with a target to produce

mesons which decay into neutrinos. An in-dept review of the accelerator

elements used in conventional neutrino beams can be found in reference [38].

In the case where positively charged mesons are selected, the pion and kaon

decays π+(K+) → µ+νµ render a νµ neutrino beam, typically with about

1% contamination of electron neutrinos coming from the three body decay

K+ → e+π0νe. An antineutrino beam (ν̄µ) can be produced by setting the

beam line currents for the selection of the opposite charge mesons. However,

the neutrino beam is always far from pure in it’s flavour content. In the case

of beams in which the muon neutrino content is enhanced by the selection

of positive mesons, the contamination from antineutrinos is about 5%; in

antineutrino-enhanced beams, the neutrino contamination can be as high

as 30 − 50%. This is due to the abundance of positively charged mesons

leaving the pion-production target; many of these mesons travel along the

axis of the magnetic horns and cannot be excluded from the beam. The

contamination with undesired neutrino flavours can be an added difficulty if

we cannot determine the charge of the muons produced in the interactions,

which usually requires magnetisation of the detector volume. The most

important limitations of conventional beams, however, consist in the low

neutrino intensity and the large uncertainties in the energy spectrum.

2.8 The Way Ahead

The way ahead for future experiments can follow three different routes.

These consist of three different types of facilities that have been proposed.

The closest to the current technology is the Superbeam. The Superbeam

consists of the upgrade of current accelerator capabilities to a much higher

power. LBNE [39] and LBNO [40] are two Superbeam proposals under

development at the time of this writing. Another concept is the Beta

Beam [41], which consists of accelerating radioactive ions that could provide

ν̄e and νe beams from the decay of different isotopes. Finally, there is the

Neutrino Factory proposal [42]. At the Neutrino Factory, the neutrino beam

is delivered by the decay in flight of muons µ+ → ν̄µ+e+ +νe. Comparative
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studies show that the Neutrino Factory delivers the optimal neutrino beam

and has the best reach for scientific discovery [43, 44].

2.8.1 The Neutrino Factory

The building blocks of the Neutrino Factory, as suggested in the latest

design studies are shown in Figure 2.6. The proton driver may consist of

a LINAC or a ring producing a 4 MW proton beam. The proton beam is

led to a liquid-mercury target where pions are extracted. The pions are

focused using a 20 T super-conducting magnet and transported through a

100 m long decay channel with a 1.5 T solenoidal field. The muon beam,

which originates from pion decay, is prepared for acceleration. First, a chi-

cane is used to remove the protons, pions and electrons that contaminate

the muon beam. The magnet currents are set so that the muons in the

desired momentum range are selected and particles with higher momentum

are dumped. This is followed by an absorber which removes the low energy

particles. In the following section, the muons meet a straight segment, 33 m

long, where Radio-Frequency (RF) cavities bunch the beam, i.e., the muon

beam is broken into a sequence of short bunches with a structure defined

by the RF frequency. The next part is the phase rotation section. This

is a 42 m long segment in which RF cavities are employed to reduce the

energy spread of the muons in the beam by slowing down the faster muons

and accelerating the slower ones. The sequence of steps from the produc-

tion of the muon beam until the phase-rotation is referred to as the “muon

front-end”. The next stage consists of cooling the muon beam. The muons

are created with high dispersion and momentum spread and in order to

transport and accelerate them, accelerator cooling techniques which control

the dispersion and angular spread must now come into play. The cooling

techniques usually employed are not an option for this purpose, as their

application is incompatible with the short muon lifetime. It is well known

within the accelerator community that the technique required for reducing

the muon beam phase-space is ionization cooling [45], which has been pro-

posed but never experimentally demonstrated. This is the purpose of the

Muon ionization Cooling Experiment (MICE) [46] which is the subject of

the later chapters of this thesis. After the cooling channel, the muons are

accelerated to 10 GeV. There are two options for this stage. The first con-
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sists of a linac followed by two Recirculating Linear Accelerators (RLAs).

The other, is a linac, followed by an RLA and a non-scalling Fixed Field Al-

ternating Gradient (Fixed-Field Alternating Gradient (FFAG)) accelerator.

The FFAG option is an experimental concept which is being demonstrated

by the EMMA (Electron Model for Many Applications) collaboration [47].

Although it hasn’t been demonstrated, it is believed that the FFAG op-

tion has the advantage of accelerating the muons faster and having a larger

acceptance.

Finally, the muons are injected into the decay ring. The decay of the

muons in the straight section of the decay ring produces a neutrino beam

oriented towards the far detectors. In the latest proposal, the energy of

the neutrino beam is 10 GeV and the oscillation baseline is about 2000 km,

which would require to have the ring tilted 10◦ downwards. The energy

spread of the muons in the beam is expected to be only 2%, making the

Neutrino Factory a very accurate source of neutrinos.

It is possible, however, to obtain a lower energy but high intensity and

accurate neutrino source in a scheme that resembles the Neutrino Factory –

i.e., without requiring muon cooling and acceleration. That is the concept

of the nuSTORM facility [49].

2.8.2 NuSTORM

NuSTORM (neutrinos from STORed Muons) is a facility currently being

proposed for construction. It resembles the Neutrino Factory in that the

neutrino beam is generated from the decay of muons. However, at nuS-

TORM the muon beam is not accelerated, so the facility can be thought

of as a Very Low Energy Neutrino Factory, and it could be built at this

date as it is based only on well demonstrated accelerator techniques. This

facility would render a neutrino beam of ν̄µ and νe (or νµ and ν̄e) from the

decay of µ+ (µ−) with a central momentum of 3.8 GeV/c and only 10%

momentum spread [49]. The neutrino beam created would be very intense

and its flavour content and energy spectra well known.

There are proposals for construction at CERN and Fermilab. In this sec-

tion, the Fermilab option documented in reference [49] is assumed. The

production of the nuSTORM neutrino beam at Fermilab would start with

the extraction of the 120 GeV/c protons from the Main Injector (see Fig-
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Figure 2.6: Layout of the Neutrino Factory. The different options for the
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would be tilted 10◦ downwards so that the resulting neutrino
beam is pointed at the far detector 2000 km away. This design
is a development of the one shown in [48].
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ure 2.7). These would be transported to a target hall using six quadrupole

Figure 2.7: The nuSTORM facility as it is conceived at Fermilab. Protons
would be extracted from the Main Injector into the nuSTORM
target hall. The pions produced at the target would then be led
to the storage ring where subsequent decay into muons and then
neutrinos would happen. The decay at one of the straight sec-
tions would produce a neutrino beam towards the Near and Far
Detector halls, located at 50 m and 1 km, respectively. Figure
extracted from [49].

magnets and four dipole magnets. The currents in these can be tuned to

accept protons with energies as low as 60 GeV/c if interesting for experi-

ments. The proton beam would then meet a conventional target followed by

a focusing horn for pion capture. The injection of these pions into a decay

ring is done in a short beam line in which a chicane is used to introduce

momentum selection. The pions injected into the start of the first straight

section of the storage ring decay into muons. The pions that haven’t de-

cayed before the end of the first straight section are extracted. The design

must optimise the ratio of the length of the straight section to the ring

circumference in order to maximise the number of useful decays.

The storage ring can be composed of normal and superconducting mag-

nets (FODO option) or Fixed-Field Alternating Gradient magnets (FFAG

option). Both designs are explored in reference [49]. The FODO ring is the

default option and it is envisaged to have straight sections 185 m long and

curved sections with 480 m radius. The momentum acceptance of the muons

21



kept in the ring is 10%. With the FFAG option, only normal-conducting

magnets are used. The ring radius needs to be increased to 606 m and the

straight sections increased to 240 m, so overall, the ratio of the straight to

the ring circumference is increased from 0.39 to 0.40. The big advantage of

the FFAG lattice, however, is the fraction of pions accepted per POT, which

improves the number of useful decays per POT by a factor of approximately

3.3, although the momentum acceptance in this case is broader, 16%.
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Figure 2.8: Momentum distribution of the muons at the end of the first
straight section in the FODO lattice. The green box corres-
ponds to the momentum range of the muons kept in the ring;
the red box delimits the acceptance for muons to be extracted
for ionization cooling R&D. Figure extracted from [49].

The nuSTORM collaboration aims at creating a very important impact

in three different fronts: short baseline neutrino oscillation to probe sterile

neutrinos at the LSND mass scale, neutrino-nucleus cross sections and ac-

celerator R&D towards muon ionization cooling.

The demonstration of ionization cooling, a fundamental step towards a

Neutrino Factory or a Muon Collider, is a mission currently in the hands

of the MICE collaboration, at the Rutherford Appleton Laboratory. MICE

is a single particle experiment, i.e., the beam measurements are made one

particle at a time. At nuSTORM, there would be an opportunity to meas-

ure ionization cooling using an intense beam. About ∼ 48% of the pions

injected into the ring decay before meeting the first arc. The undecayed

pions amount to a power of 2 kW− 3 kW so a beam dump is necessary. Us-

ing a reflection of the beam combination section used for the pion injection,
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the pions can be extracted at the start of the first arc. The momentum of

these pions is 5 ± 0.5 GeV/c and muons at the same energy range are also

extracted (see Figure 2.8). These particles can be stopped at some absorber

or used for another purpose. The option is to replace the absorber by a

degrader which would stop the pions and slow down the muons, producing

a low energy muon beam which could be used for an ionization cooling ex-

periment. This muon beam is estimated to have 1010 muons per 1.6µs spill,

with a momentum of 100 MeV − 300 MeV.

One of the main motivations for nuSTORM is the light sterile neutrino

search. As explored in Chapter 2, there are experimental hints of neutrinos

oscillating into sterile species with masses of a few eV. Probing this mass

range requires an oscillation experiment with L(km)/E(GeV ) ∼ 1. It is

part of the nuSTORM proposal to build a magnetised iron detector very

similar to the MINOS type, with iron plates alternating with scintillator.

The differences would be thinner plates and larger magnetic field. This

would be the Super B Iron Neutrino Detector (SuperBIND), placed at the

far detector hall, ∼ 2000 m away from the end of the straight section of the

decay ring. Admitting the accelerator is tuned to produce a ν̄µ+νe neutrino

beam, this detector would be used for the appearance search νe → νµ, which

would lead to the detection of muons with the wrong-sign (µ−) relative to

the expected flavour content of the neutrino beam (which should yield only

µ+) and for the disappearance search of ν̄µ. The expected signal significance

is 10σ.

Finally, there is potential at nuSTORM to make important cross sections

measurements. The neutrino beam at nuSTORM would be an unique op-

portunity for interaction-physics studies, due to its high intensity and the

precision with which flavour content and energy spectra are known. The

absolute flux scale can also be determined to 1% using instrumentation in

the storage-ring. Furthermore, the richness in electron neutrino and an-

tineutrino would be an opportunity for measurements never made before.

This topic will be covered in more detail in Section 3.6.1.

2.9 Summary

The basics of neutrino mixing and its measurement through the observation

neutrino oscillation have been explored. The creation of neutrino beams at
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particle accelerators was discussed with special emphasis given to the pro-

posals for new facilities which would use neutrinos from muon decay: the

Neutrino Factory and nuSTORM. A conceptual comparison of conventional-

beams, MICE, nuSTORM and the Neutrino Factory is shown in Figure 2.9.

In the near future, ionization cooling will be demonstrated. However, the

large investment required to build a Neutrino Factory is likely to place it

decades away from today. Even nuSTORM, despite its modest cost, seems

to be out of the picture in the short term. Experiments at conventional

beams will remain our learning instrument and collaborations like NOνA

might bring discovery if δCP is large and the Hierarchy is just right. Nev-

ertheless, the complete unfolding of the physics of neutrinos is unlikely to

happen without a Neutrino Factory.
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Figure 2.9: Stages of particle production at conventional beams, MICE, nuSTORM and Neutrino Factory facilities. Con-
ventional facilities consist only of the µ source: the neutrino beam comes from the pion decay π+ → µ+ + νµ or
π− → µ− + ν̄µ. At MICE, nuSTORM and Neutrino Factory, the muons are prepared for further stage in the µ
front-end. At nuSTORM, they are led directly to a decay ring while at the Neutrino Factory they are first cooled
and accelerated. With the sole purpose of demonstrating ionization cooling, there is MICE.
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3 Neutrino Interactions

The study of neutrino interactions was a fundamental field of research half

a century ago, when the electroweak theory was being built. While other

particles had their interactions obscured by the other forces, neutrinos were

a clean probe used to study the weak force. Nowadays, the community is

interested in neutrino interactions mainly as a means to understand neut-

rino oscillation data better. As neutrino physics moves from discovery to

precision measurements, the interactions of neutrinos with matter returns

to the spotlight as it will be crucial to reduce the systematic uncertainties

affecting future experiments.

Notably, the neutrino energy range at which current and future oscillation

experiments are being planned (∼ 1 GeV) has the peculiarity of not being

dominated by a particular interaction channel. Several interaction modes

are available in this energy range and the uncertainty on the cross section for

each is rather large, typically at the level of 20% [50]. On top of this, nuclear

effects contribute to obscure the visible topology of neutrino interactions.

This is due to the choice of complex target material (heavy elements) for

which the modeling of these effects also suffers from large uncertainties.

In this chapter, a brief review of neutrino interaction physics is presented.

For completeness, we start with neutrino-electron interactions and then step

into the neutrino-nucleus domain. The tone is that of an experimentalist,

so the considerations made are a qualitative overview of the key effects.

Special attention will be given to a particular interaction channel: coherent

pion production by charged current neutrino-nucleus interactions. This in-

teraction amounts to only a few percent of the total neutrino-nucleus cross

section and a measurement of it is presented in the Chapter that follows.

The Chapter ends with some considerations on the difficulties related

to cross section measurements using conventional beams. An argument is

made for nuSTORM.
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3.1 Introduction

For the purpose of describing neutrino interactions, neutrinos can be treated

as massless particles. In the electroweak description summarised in this

chapter they are considered to be purely left-handed particles and their in-

teractions are mediated by weak charged currents (Charged Current (CC))

which involve the exchange of W± bosons and the weak neutral currents

(Neutral Current (NC)) mediated by the Z0 boson. The weak currents

conserve flavour and have both vector and axial-vector (V-A) structure

which violates parity conservation maximally. Many cross section calcu-

lations build up from the conserved vector current (Conserved Vector Cur-

rent (CVC)) hypothesis [51, 52] and the partially conserved axial current

(Partially Conserved Vector Current (PCAC)) hypothesis, which leads to

Adler’s theorem [53]. The CVC hypothesis, by Feynman and Gell-Mann,

implies that because the electromagnetic current is conserved, the weak

current is also conserved and can be used to express the neutrino cross sec-

tions in terms of electromagnetic form factors which can be obtained from

electron scattering through electromagnetic interactions. In a similar way,

Adler’s theorem, uses the PCAC theorem to relate the cross section for the

ν + p → l + X interaction with the cross section for π + p → X, in the

limit where the momentum transfer from the neutrino to the nucleus is zero

and the mass of the lepton can be neglected. Using these frameworks, the

neutrino cross sections can be estimated from much more abundant electron

and pion scattering data, although corrections need to be added as well as

some tuning to the neutrino data which should be as precise as possible.

3.2 Neutrino-Electron Interactions

When neutrinos interact with matter they will either interact with an atomic

electron or a nucleus. Interactions with electrons are free of the complica-

tions brought by the strong interactions. The first observations of neutrino-

electron scattering were made at the Gargamelle bubble chamber in 1973

[54] at a mean neutrino energy of ∼ 2 GeV. These consisted of the obser-

vation of the forward-scattered electron from the diagrams in Figure 2.2:

three ν̄µ + e− and ten νµ + e− events were found. These measurements and

the higher statistics ones that would follow provided a confirmation of the
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Standard Model at tree level.

The scale (κ) of the cross section values estimated from theory is determ-

ined by the Fermi constant, Gf , and the electron’s mass me:

κ =
G2
Fme

(2π)
= 4.3× 10−42 cm2/GeV. (3.1)

Using a four-fermion interaction approach (Q2 << MW ) the cross sections

for neutrinos of energy Eν are [55]:

σ(νµ(τ) + e) = 1.56× 10−42 cm2 Eν
GeV

, (3.2)

σ(ν̄µ(τ) + e) = 1.33× 10−42 cm2 Eν
GeV

, (3.3)

σ(νe + e) = 9.46× 10−42 cm2 Eν
GeV

, (3.4)

σ(ν̄e + e) = 3.96× 10−42 cm2 Eν
GeV

. (3.5)

(3.6)

The enhancement of electron-neutrino cross section is due to the CC current

contribution which is absent for the other neutrino flavours. These values

are in agreement with the experimental data: neutrino-electron interactions

are well understood.

3.3 Neutrino-Nucleus Interactions

Neutrino-electron interactions are purely electroweak processes. When we

step into the domain of neutrino-nucleus interactions, strong interactions

come into play. Modeling this class of interaction is more complex and the

approach taken depends on the neutrino energies considered. Commonly,

the neutrino-nucleus interactions are divided into a few subprocesses which

might be more or less probable, depending on the neutrino energy: coher-

ent, elastic/quasi-elastic, resonant and deep inelastic. This section presents

an overview of such processes. A generic CC interaction is shown in Fig-

ure 3.1 and some useful parameters are there defined. The four-momentum
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transferred by the neutrino to the target system is denoted q and its Lorentz

invariant is Q2 = −q2 = (pν − kl)2.

ν(pν) l(kl)

A(pA)
X(pX)

W (q)

Figure 3.1: Feynman diagram for a generic CC neutrino-nucleus interaction.
The difference between the lepton and neutrino momentum, q =
κl − pν is carried by a charged W boson.

3.3.1 Coherent

Coherent ν + A → ν + A interactions have been postulated [56] but never

observed. In this mode, the neutrino interacts with the nucleus as a whole.

The Q2 for the interactions needs to be low, so that the nucleus remains in

its ground state and unfragmented. The cross section is well known:

dσ

dT
=
G2
F

4π
Q2
WM

(
1− MT

2E2
ν

)
F (Q2)2; (3.7)

where T is the recoil energy of the nucleus, M is the mass of the nucleus,

Eν the neutrino energy, GF the Fermi constant, QW = N− (1−4 sin2 θWZ)

the weak charge of the nucleus and F (Q2) is the nuclear form factor at

momentum transfer Q2. The neutrino energy domain of this interaction

is below 50 MeV. The observable signature, the recoil of a nucleus, is very

hard to detect. The maximum recoil energy of the nucleus is ∼ 2E2
ν/M which

in practice means a few keV, the exact value depending on the nuclear
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target. Collaborations searching for cold dark matter have analysed the

possibility of making this measurement [56–60] and efforts are currently

underway to deploy a detector dedicated to finding experimental evidence

of this interaction [61].

3.3.2 Elastic and Quasi-Elastic

At the few GeV scale elastic NC and quasi-elastic CC interactions dominate.

In the elastic NC, the neutrino scatters elastically off a nucleon whereas in

the CC interaction some energy is expended to create the lepton, hence the

quasi-elastic (QE) designation – see diagrams in Figure 3.2.

Z0

νe, νµ, ντ

n, p n, p

νµ

W+

µ−

n p

ν̄µ µ+

W−

p n

νe, νµ, ντ

Figure 3.2: Feynman diagrams from neutrino elastic and quasi-elastic
interactions.

In NC interactions the only potentially visible signal is the knocked-out

nucleon, whereas in CC interactions a lepton is also produced. Neutrino

generator codes use a cross section calculated using the Llewellyn Smith

formula [62]. In this framework, approximations like the Fermi Gas model

(used to estimate the nucleon momentum) or the Impulse Approximation

(the exchange boson is absorbed by one nucleon) are used. The final formula

depends on several form factors through which the interaction with the

nucleus is parameterised. Most parameters can be extracted from electron

scattering experiments. The only free parameter in the cross section models

ends up being the axial mass MA. This is an energy and target independent

constant estimated to be around 1.02 GeV from fitting historical data [63–

65]. However, more recent data from the MiniBooNE collaboration suggests
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Table 3.1: Measured values of MA.

Experiment MA Reference

BNL+ANL+FNAL 1.02± 0.03 [63–65]

K2K 1.200± 0.12 [68]

K2K 1.140± 0.10 [69]

MiniBooNE 1.350± 0.17 [70]

MINOS 1.190± 0.17 [71]

NOMAD 1.050± 0.06 [72]

a higher MA = 1.35 GeV. It has been suggested that the disagreement is

a consequence of the Impulse Approximation not being valid at the 1 GeV

energy scale [66, 67].

An important feature of Charge Current Quasi-Elastic (CCQE) interac-

tions is the calculation of the neutrino energy which comes directly from

the measurement of the outgoing lepton momentum and angle with respect

to the neutrino incoming direction. The lepton carries most of the neutrino

energy so its track is easy to reconstruct. Oscillation experiments rely on

this calculation for the determination of the neutrino energy. Naturally, the

presence of backgrounds which mimic the CCQE signal affects not only the

estimation of the event rate but also the calculation of the neutrino energy.

One of the main difficulties is therefore to correctly tag CCQE events, a

problem associated to the use of heavy targets which induce nuclear effects

– see section 3.4.

3.3.3 Resonant

As we look to increasing neutrino energies still in the few GeV range, reson-

ance production becomes dominant. The most important hadronic reson-

ance is the ∆(1232 MeV) which typically leads to the production of a single

pion. Reference [73] presents a complete overview of this process. The ex-

perimental data is well described by a cross section formulated in terms of

a (V-A) current. If enough energy is available, the production of multiple

resonances becomes possible. The cross section for the production of each

resonance increases with the neutrino energy until a plateau is reached –

see Figure 3.3.
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3.3.4 Deep Inelastic Scattering

Beyond resonance production, the Q2 eventually becomes high enough to

break-down the nucleus. This interaction is modelled using parton distri-

bution functions.

While the cross sections for the elastic, QE and pion resonances reach

plateaus, the cross section for DIS rises linearly with energy – see Figure 3.3.

The total DIS CC cross sections are:

σ(ν + n) = 0.881× 10−38 cm2 Eν
GeV

, (3.8)

σ(ν + p) = 0.451× 10−38 cm2 Eν
GeV

, (3.9)

σ(ν̄ + n) = 0.250× 10−38 cm2 Eν
GeV

, (3.10)

σ(ν̄ + p) = 0.399× 10−38 cm2 Eν
GeV

, (3.11)

and the NC equivalents are:

σ(ν +N) = 0.209× 10−38 cm2 Eν
GeV

, (3.12)

σ(ν̄ +N) = 0.115× 10−38 cm2 Eν
GeV

. (3.13)
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Figure 3.3: Neutrino and antineutrino cross sections divided by neutrino
energy in the 100 MeV to 100 GeV range. Existing data is over-
laid to the theoretical expectation which is decomposed in the
QE, RES and DIS contributions. The successive regimes of QE,
RES and DIS dominance can be seen. The plateau the QE and
RES cross sections reach corresponds to the linear decrease with
energy in this representation. Figures extracted from [74].
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3.4 Final State Interactions

Experiments measuring or being proposed to measure neutrino interactions

have complex nuclear targets, such as carbon, oxygen, iron or argon. As

a consequence, the particle products from the neutrino interaction can un-

dergo further interactions with the nuclear environment. These are called

final state interactions (Final State Interactions (FSI)) and their effect is

hard to measure [50]. Notably, they are the reason why some collaborations

choose to present their cross section measurements in terms of final state

topology, which means that rather than measuring the cross section for the

interaction channel alone, this is folded with the FSI contribution. For this

reason, light elements such as hydrogen or helium are ideal target materials.

In Monte Carlo generator codes, FSI effects are added using nuclear cas-

cade models. In these, each particle produced by the neutrino interaction

is tracked within the nuclear medium of varying density. The modeling of

FSI requires a good understanding of hadronic physics, in particular of π

absorption and effective nucleon-nucleon cross sections, which add effective

mass corrections and Pauli Blocking1 to the free nucleon-nucleon cross sec-

tion. The impact off FSI corrections seems to be particularly important for

pions, which can be absorbed, produce other pions, scatter elastically from

the nucleons or exchange electric charge with them. It is generally assumed

that FSI do not affect the final state lepton.

Progress in the understanding of FSI requires higher precision on the

neutrino cross section measurements which they obscure.

3.5 Coherent Pion Production

Coherent interactions may induce π production through both CC and NC

processes (Figure 3.4). These interactions are characterised by pions and

muons that are forward going with respect to the incoming neutrino direc-

tion, a consequence of the low momentum transfer to the target nucleus in

the coherent interaction. The following paragraphs summarise some exper-

imental and theoretical background.

1Fermi-Dirac statistics do not allow scattered nucleons to move to a state already occu-
pied by other nucleon.
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νµ

π0

AA

Q2

|t|

A A

|t|

Q2

νµ µ−

π+

νµ

Z0 W+

Figure 3.4: Coherent π production from νµ. The outgoing pion carries the
same charge as the incoming current. The low momentum trans-
fer to the nucleus, |t| = (q − pπ)2, is the experimental evidence
of this interaction.

3.5.1 Early Theory and Data

During the 60’s and the 70’s, the coherent production of mesons in neutrino

interactions was a subject of interest to several authors working on the

description of weak interactions [75–77]. These discussions emphasised that

the (V-A) nature of weak currents could be tested by the measurement of an

enhancement of the cross sections for forward going pions, which would be

a result of the coherent interactions. Lackner [78] produced an estimation

of the cross sections based on the PCAC theorem, according to which the

cross section for π0 production off the nucleus could be related to the cross

section for π0 scattering off the same nucleus. Assuming that the πN cross

section was independent of the pion energy, Lackner estimated the cross

section in Aluminium nuclei to be:

σcohπ0 = 3 · 10−40Eν GeV−1cm2/nucleon. (3.14)

In the early 80’s, the neutrino experiments at the CERN-PS, the Aachen-

Padova spark chamber and the Gargamelle bubble chamber, observed the

predicted excess of low angle π0 showers [79, 80] at a mean neutrino energy

of ∼ 2 GeV. These were reported to be consistent with a NC coherent π0

production. Following these measurements, Rein and Sehgal [81] extended

Lackner’s work by employing a parametrisation for the πN cross section

derived in their own previous work. The results obtained were in agreement

with the measurements made by the Aachen-Padova and Gargamelle col-

laborations, which Lackner’s prediction underestimated by a factor of ∼ 5.
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Rein and Sehgal also predicted with success the cross section the CHARM

experiment (Eν ' 30 GeV) would measure [82].

Further measurements of NC coherent pion production would follow and

the CC counterpart would be measured as well [83, 84]. The measurements

were made at relatively high neutrino energies (7−100 GeV) and found to be

compatible with the Rein-Sehgal (RS) model to the level of their precision.

3.5.2 Late Developments

The modeling of coherent π production met renewed interest when data

that couldn’t be described by the RS model emerged. In 2005 the K2K

experiment, at a neutrino energy of 1.3 GeV, found no evidence of coher-

ent π production [85]. Their limit (at 90% confidence level) was about a

factor of two below the RS estimation. The same sort of result came from

the SciBooNE experiment, which also published upper limits below the RS

prediction at Eν = 1.1 GeV and 2.2 GeV [86].

The new results motivated the writing by Berger and Sehgal of a correc-

tion that extended the PCAC formalism to low energy neutrino interactions;

in this regime, the π mass cannot be neglected. This model, known as the

Berger-Sehgal model [87], reduced the RS original prediction and agreed

with the K2K and SciBooNE data. However, as pointed out by the au-

thors, it was much lower than a new measurement by MiniBooNE for π0

production [88] at a neutrino energy of 1.2 GeV. Schalla and Paschos also

published a model [89] based on the PCAC theorem which agreed with

the MiniBooNE data. Besides all the PCAC based models, microscopic

models arose as an alternative approach. These consist in a full quantum

mechanical treatment that describes the excitation and decay of the ∆ res-

onance [90–92]. Within the last year, two new measurements of CC coherent

pion production have been made – besides the one that will be presented in

this thesis, that is. One, uses T2K’s ND280 detector [93], although it is not

an official T2K result. The other, being presented at the same time of this

writing, comes from the Minerνa collaboration [94].

3.5.3 The Whole Picture

Neutrino induced coherent π production is possible via NC and CC ex-

change. There are PCAC-based models and microscopic models. In the
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PCAC-based models, the ratio σCC/σNC is equal to two and the cross sec-

tions for the interactions of neutrinos or antineutrinos are the same. In the

microscopic models, these ratios don’t hold exactly: σCC/σNC approaches

two for energies above 500 MeV but σNC > σCC below that energy; the

neutrino cross section is slightly higher than the antineutrino one – see Fig-

ure 4 or reference [92]. The dependance with the target effective atomic

number is also disputed, although the scaling with A1/3 from the RS model

is usually assumed by the experimentalists. The predicted σ(Eν) shape is

different between models and, furthermore, the scale of the cross section

can also be different by orders of magnitude.

The RS model is the only option available in neutrino generator codes.

However, comparison between different generators will still render different

results as these use different hadronic data.

Experimental evidence for coherent π production in neutrino-nucleus in-

teractions exists since the operation of the bubble chamber experiments

despite the fact that the cross section for these interactions is ∼ 1% of the

total neutrino cross section. Data exist for the NC and CC processes and it

is summarised in Tables 3.4 and 3.5. The NC process is important because

it is a background for the νe appearance in oscillation experiments. Due to

the well understood ratio between the NC and CC cross sections, the easier

to measure CC cross section can be used to gain knowledge of the NC one.

3.6 The Measurement of Neutrino-Nucleus Cross

Sections

The measurement of neutrino-nucleus cross sections is affected by many ex-

perimental difficulties. The use of complex target materials in the detectors

introduces FSI effects (Section 3.4) which are hard to decouple from the

neutrino interaction. For this reason, the trend has become to report meas-

urements in terms of observed final state products. For example, rather than

report a measurement of ν̄µ CCQE, a collaboration might report the cross

section for production of the “final-state topology” 1µ+ + 0π +Nneutrons.

This is a more transparent way of presenting results and, most important,

a model-independent one. However, this approach relegates to the theor-

ist the unfolding of the measurement and that is something which requires
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detector expertise so that, for example, detection and reconstruction effi-

ciencies for different particle types are taken into account. Whichever the

approach chosen, model-independency is not easily attained. The improve-

ment in the cross section knowledge seems to be an iterative process where

the addition of measurements with improved precision corrects the Monte

Carlo estimation of what the next measurement would be. The measure-

ments and predictions should converge to the true values of Nature.

However, the precision on neutrino cross section measurements seems to

be bound to remain affected by large uncertainties intrinsic to the neut-

rino beams used. Conventional-facilities provide beams with broad energy

spectrum and the flavour content is not known with precision. Table 3.2

lists recent measurements and systematic uncertainties associated. Even if

all other sources of error are suppressed, the beam systematic uncertainties

that affect both the cross section mean value estimation and the neutrino

energy determination still render the measurements rather imprecise. This

feature is transverse to all experiments measuring neutrino-nucleus cross

sections.

3.6.1 Neutrino Cross Sections at NuSTORM

The only way of reaching significantly improved precision on cross section

measurements is by using better neutrino beams and that is what the nuS-

TORM facility offers. Furthermore, while muon neutrino and antineutrino

interactions have been measured over the years, the electron counterparts

haven’t. This is due to the lack of an electron neutrino/antineutrino source,

which nuSTORM also presents.

Recall from Section 2.8.2 that at nuSTORM the flavour-composition of

the neutrino beam will be known (either νµ + ν̄e or respective antiparticles)

and the absolute flux will be determined with a precision of 1% using the

storage-ring instrumentation. In these conditions, an exercise was per-

formed with the goal of illustrating the potential for cross section measure-

ment at nuSTORM. The discussion is not meant address the detector op-

tions, although assumptions of the detector systematics must be reasonable.

The HiResMν detector [101] was found to be a suitable choice for this exer-

cise. Table 3.3 lists the design parameters of the HiResMν detector. Under

such detector assumptions, the precision on the measurements achievable
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Table 3.2: Sources of systematic uncertainties for different experiments [95–
100]. The systematic uncertainties are classified as uncertainties
related to: the performance of the detector, the Monte Carlo
simulation of the experiment and others which might be experi-
ment specific. The “Sub-total” column reports the combination
of these uncertainties, added in quadrature. The flux uncertainty
is then listed just before the total systematic error.

Systematic uncertainty (%)
Experiment Detector Monte Carlo Other Sub-total Flux Total

MiniBooNE
NCE 15.6 6.4 − 16.9 6.7 18.1

(Eν ∼ 1 GeV)

MiniBooNE
CCQE νµ 3.2 15.7 − 16.1 6.9 17.5

(Eν ∈ 0.2− 3.0 GeV)

MiniBooNE
CCQE νe 14.6 8.5 − 16.1 9.8 19.5

(Eν ∈ 0.2− 3.0 GeV)

MiniBooNE
CCπ0 νµ 5.8 14.4 − 15.6 10.5 18.7

(Eν ∈ 0.5− 2.0 GeV)

MiniBooNE

QE d2σ
dTµd cos θµ

νµ 4.6 4.4 − 6.4 8.7 10.7

(Eν ∈ 0.5− 2.0 GeV)

T2K
Inclusive νµ CC 0.7–12 0.4–9 − 1.3–15 10.9 10.9–18.6
(Eν ∼ 1 GeV)

Minerva
ν̄µ CCQE 8.9–15.6 2.8 2–6 9.6–17 12 15.3–20.8

(Q2 < 1.2 GeV2)

LSND
ν̄µp→ µ+n 5 12 − 13 15 20

0.1GeV
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Table 3.3: In order to take maximal advantage of the nuSTORM accurate
beam the detector errors need to be kept small. The HiresMν
small uncertainties [102] make it a suitable detector for this ef-
fect. The “Reconstruction” error refers to the track reconstruc-
tion error. It is dominated by the proton-reconstruction in the
QE event. The “Background” estimate corresponds to the con-
tamination of resonant and DIS events. Finally, the “FSI error”
estimation corresponds to the impact of final state interactions
on the topology of the measured tracks.

Systematic Error Contribution (%)

Reconstruction 0.8
Background 2.1

FSI error 1.5

Total 2.9

using the nuSTORM flux are shown in Figure 3.5, for the CCQE channels.

The figure shows the precision with which the cross section would be meas-

ured if the systematic uncertainties estimated for the HiResMν detector are

combined with the 1% flux uncertainty that nuSTORM will provide. For

comparison, the performance of HiResMν combined with a flux uncertainty

of 10% is also shown. Existing data is superimposed for comparison. The

figure shows that nuSTORM has the potential to improve the systematic

uncertainty on νµ and ν̄µ CCQE cross section measurements by a factor of

∼ 5− 6 while the νeN (ν̄eN) cross section measurements would be unique.

With such small uncertainties associated with the beam, it is important

to keep detector systematics low as these are likely to set the limit on the

precision of cross sections measurements at nuSTORM.

Figure 3.5 is no more than an illustration of points made in the text.

The relevant work that needs to be done is the study of how cross section

uncertainties propagate to the sensitivity of a δCP or a mass hierarchy meas-

urement. Some authors have already engaged in this important task [44],

but this is still a field which needs to be extended and that collaborations

suggesting experiments for the future must take into account so that their

assumptions are more realistic.
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Figure 3.5: The CCQE cross section (σCCQE) plotted as a function of in-
cident neutrino energy (Eν). The cross sections that would be
obtained with stored µ+ beams are shown in the top row: ν̄µ
and νe. The cross sections that would be obtained with stored
µ− beams are shown in the bottom row: νµ and ν̄e. The width
of the coloured bands represent the systematic uncertainty on
the cross sections determined using the HiResMν detector at the
nuSTORM facility (see text for details). The green band shows
the detector uncertainties combined with the 1% uncertainty
on the neutrino flux at nuSTORM. The yellow band shows the
detector uncertainties combined with a flux uncertainty of 10%.
Measurements made by the MiniBoNE (�), ANL (4), BNL (×),
Gargamelle (©), SERP (∗) and SKAT (5) collaborations are
also shown [98, 103–109]. The data can be found at [110].
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3.7 Summary

An overview of the different neutrino interaction modes was made, with spe-

cial attention given to the coherent production of pions. Final state inter-

actions, which follow the neutrino scattering and change both the particles

that come out of the interaction vertex and their energy spectrum where also

discussed. This and other difficulties associated with the extraction of neut-

rino cross section measurements were explored. From the conclusion that

the beam systematic uncertainties dominate and limit the precision with

which cross sections can be measured, the potential for such measurements

using the nuSTORM beam was discussed. In summary, the unpreceden-

ted neutrino energy uncertainty, the precise knowledge of flavour content of

the beam and the richness in electron neutrinos would lead to unique and

precise cross section measurements.
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Table 3.4: Existing cross section measurements of coherent π0 production in neutrino-nucleus interactions. The experiments
at the CERN-PS provided the first experimental evidence of coherent π production. MiniBooNE and SciBooNE,
both at Fermilab’s Booster Neutrino Beam (BNB), performed the only measurements of coherent π production
(CC or NC) below the neutrino energy of 2 GeV.

Experiment Target (〈A〉) Neutrino Beam 〈Eν〉 Neutrino σ (10−40 cm2/nucl.) Reference

Aachen-Padova Aluminium (27) CERN-PS 2 νµ 27± 7 [79]

Aachen-Padova Aluminium (27) CERN-PS 2 ν̄µ 27± 7 [79]

Gargamelle Freon (30) CERN-PS 3.5 νµ 31± 20 [80]

Gargamelle Freon (30) CERN-PS 3.5 ν̄µ 45± 24 [80]

CHARM Marble (20) CERN-SPS 31 νµ 96± 42 [111]

CHARM Marble (20) CERN-SPS 24 ν̄µ 79± 26 [111]

SKAT Freon (30) Serpukhov 7 νµ 52± 19 [83]

MiniBooNE CH2 (12) BNB 0.7 νµ 7.7± 3.9 [112]

NOMAD Carbon (12.8) CERN-SPS 24.8 νµ 72.6± 10.6 [113]

SciBooNE Carbon (12) BNB 0.8 νµ 3± 1 [114]
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Table 3.5: Cross section measurements of CC coherent π production. Experiments observing neutrinos at energies below
7 GeV reported null results.

Experiment Target (〈A〉) Neutrino Beam 〈Eν〉 Neutrino σ (10−40 cm2/nucl.) Reference

SKAT Freon (30) Serpukhov 7 νµ 106± 16 [83]

SKAT Freon (30) Serpukhov 7 ν̄µ 113± 35 [83]

BEBC Neon (20) CERN-SPS 30.4 ν̄µ 175± 25 [84]

BEBC Neon (20) CERN-SPS 31.7 νµ 250± 49 [115]

FNAL E632 Neon (20) Main Ring 91.1 νµ 350± 80 [116]

FNAL E632 Neon (20) Main Ring 74.5 ν̄µ 270± 110 [116]

CHARM II Glass (20.7) CERN-SPS 23.7 νµ 168± 41 [117]

CHARM II Glass (20.7) CERN-SPS 19.1 ν̄µ 161± 40 [117]

K2K Carbon(12) KEK 1.3 νµ < 0.077(90%CL) [85]

SciBooNE Carbon(12) BNB 1.1 νµ < 0.0844(90%CL) [86]

SciBooNE Carbon(12) BNB 2.2 νµ < 0.287(90%CL) [86]
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4 Measurement of CC Coherent

Pion Production at ArgoNeuT

Compared to the old bubble chamber experiments, most modern neutrino

detectors seem to render more inclusive measurements, in the sense that

some scattering products may be left unmeasured. That’s due to the choice

of dense interaction medium combined with limited pixel size which leads

to a loss of sensitivity to the particle products created in the neutrino inter-

action: they must be energetic enough to travel through the dense medium

and leave a trace in enough detector pixels to be reconstructed. Liquid

argon detectors are perhaps the exception. Liquid argon detectors are cap-

able of three-dimensional imaging of neutrino events with a quality that

surpasses the old bubble chamber while delivering, at the same time, pre-

cise calorimetry. In this Chapter such capabilities are explored in order to

measure a neutrino interaction with very low cross section, CC coherent π

production. In the few GeV neutrino energy range in which the measure-

ments are reported, this interaction is estimated to amount to only a few

percent of the total neutrino-nucleus cross section. The experiment takes

place at Fermilab’s Neutrinos from the Main Injector (NuMI) beam [118,

119] and the detector used is ArgoNeuT [120].

4.1 The NuMI Beam

The Neutrinos at the Main Injector (NuMI) facility at Fermilab was designed

to produce an intense neutrino beam that would allow the study of neut-

rino interactions and oscillations. The planned physics program included

measurement of oscillation parameters (Main Injector Neutrino Oscillation

Search (MINOS) [121]), cross sections measurements (MINERVA [122]),
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measurement of the mass hierarchy and a search for CP invariance viola-

tion in the neutrino sector (NOνA [36]).

The production of the NuMI beam fits the conventional-facility scheme

discussed in Chapter 2. Spills of 120 GeV protons from Fermilab’s Main

Injector are extracted every 1.9 s. These are 10µs long and bent downwards

through an angle of 3.3◦ so that the resulting neutrino beam is directed at

the MINOS far detector in Soudan, Minnesota (see Figure 4.1). The protons

are focused onto a 94 cm long graphite target where ∼ 85% of the protons

interact. At the target, the proton beam has an RMS width of about 1 mm.

The mesons produced by the interaction with the target are captured by

two magnetic horns, 3.3 m and 3.8 m long, placed 10 m from each other.

The current supplied to the horns defines the toroidal magnetic field within

their volume which is used to select the charge and the momentum of the

mesons that are kept in the beam. The decay of the pions into muons and

neutrinos happens in the 675 m long decay tunnel. Protons and undecayed

mesons are removed by a beam absorber placed at the downstream end of

the decay pipe. This consists of a water-cooled aluminium core surrounded

by layers of steel and concrete blocks. The muons in the beam are stopped

by 240 m of Dolomite rock, before the MINOS near detector hall is reached.

The resulting neutrino beam has an average energy of 3− 16 GeV.

The data used in this work was collected in an antineutrino-enhanced

mode which provides a flux that is mostly muon antineutrino but still rich

in muon neutrinos (see Figure 4.2). The total Protons On Target (POT)

accumulated during a 6-month run was 1.2 × 1020. The estimated integ-

rated fluxes are 6.56× 1011 muon neutrinos per cm2 and 2.94× 1012 muon

antineutrinos per cm2.
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Figure 4.1: Schematic view of the NuMI beam line. From left to right, the
figure depicts the main stages in the production of the neutrino
beam. Protons from the Main Injector are bent downwards,
directed to the MINOS Far Detector in Soudan. The protons
reach the target hall shortly after being extracted; the mesons
that are then produced travel along the decay pipe. After meet-
ing several beam absorbers and rock, a neutrino beam reaches
the Minos Hall where the MINOS Near Detector and ArgoNeuT
are placed. Figure source: [119]
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4.2 The ArgoNeuT Detector

The liquid argon time projection chamber (Liquid Argon Time Projection

Chamber (LArTPC)) [124] is a technique that has met great interest in the

experimental neutrino physics community. This class of detector has shown

the capability to provide mm-scale resolution and precise calorimetry. The

prospective use of this class of detectors in future experiments measuring

oscillations motivated the construction of a test-stand at Fermilab: the

Argon Neutrino Test (ArgoNeuT) [120]. This prototype detector is the first

Time Projection Chamber (TPC) in a low energy (1 − 10 GeV) neutrino

beam; the NuMI beam introduced in the previous section.

ArgoNeuT’s liquid argon is contained by a stainless steel vessel (see Fig-

ure 4.3). Inside, sits a TPC with dimensions 40× 47× 90 cm3. The longest

direction is oriented parallel to the beam and the drift direction (47 cm)

is the horizontal perpendicular to it. On one side there is a solid copper

sheet which is the cathode plane held at −25 kV. On the opposite side there

are three wire planes. The wire pitch in each is 4 mm and the planes are

also separated by 4 mm one after the other. The first plane has 255 wires

oriented vertically and it is not instrumented for readout. This is the shield

plane, used to shape the electric field and protect the outer planes from

drifting ionization. The second plane is the induction plane, consisting of

240 wires rotated 60◦ with respect to the beam direction. The third and

last plane is the collection plane, also consisting of 240 wires but rotated by

−60◦. The drift volume between the cathode and the wire planes is enclosed

by 23 copper strips (again, see Figure 4.3). These strips are 1 cm wide and

spaced by 1 cm. They are wired to the cathode along a resistor chain assur-

ing the field throughout the TPC is uniform. The technical specifications

of the detector relevant for this work are summarised in Table 4.1.

48



Table 4.1: Specifications of the ArgoNeuT detector.

Cryostat Volume 500 L

TPC Volume 170 L

Numb. Electronic Channels 480 (240 per plane)

Numb. Planes 2

Wire Pitch 4 mm

Max. Drift Length 47 cm

Field 500 V/cm

ArgoNeuT is placed in the MINOS hall, 1.5 m upstream from the front

facade of the MINOS near detector – see Figure 4.4. The MINOS Near

Detector, hereafter referred to simply as MINOS, is a 980 ton magnetised

detector. It is made of 282 alternating steel-scintillator planes. The scin-

tillator planes are 1 cm thick and the steel planes are 2.45 cm thick. Each

plate has an octagonal shape, 3.8 m diameter. The total detector length

is 16.8 m. Muons, which escape the ArgoNeuT volume, can be linked to

MINOS. The MINOS collaboration has provided the data and the software

tools to run their detector reconstruction and simulation. The combination

of the reconstruction of both detectors results in great analysis potential,

as ArgoNeuT is an excellent probe of the vertex of the interactions and de-

livers precise calorimetry of the products emerging while MINOS is capable

of identifying the charge and momentum of the muons.

The ArgoNeuT collaboration uses the Liquid Argon Software (Lar-

Soft) software framework [126]. This is a C++ framework used by all

Fermilab-based collaborations running liquid argon TPC’s, such as Mi-

croBooNE or LBNE. With this package, both MC simulation and data

reconstruction are possible. The Monte Carlo simulation uses Gener-

ates Events for Neutrino Interaction Experiments (genie)-

v.2.8.0 [127] as the neutrino generator and geant4 [128] for the propaga-

tion of particle products in the detector. An overview of the reconstruction

stages is given in the following paragraphs.
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4.2.1 ArgoNeuT Reconstruction

The propagation of charged particles in ArgoNeuT’s liquid argon volume

induces the creation of electron-ion pairs that are free to drift in the noble

liquid medium. The electric field accelerates the electrons towards the an-

ode wires where they induce pulses to be analysed. At the induction plane,

the electrons induce a current; at the collection plane they are captured.

The Analogue to Digital Converter (ADC) value readout is related to the

number of electrons collected by an electronic calibration factor. However,

the estimation of the number of electrons extracted will require a few cor-

rections which take into account the loss of electrons due to recombination

with ions at the interaction point and with impurities while drifting in the

liquid.

In order to collect efficiently the ionisation electrons, the liquid argon must

be kept free from electro-negative impurities, such as Oxygen or Nitrogen,

which can lead to recombination. The impurity level must be no greater

than a few parts per trillion. This is achieved by constantly pumping the

liquid argon through a purification system. The free electron lifetime, τ ,

is the mean time an electron remains free before it is captured. It can be

measured using tracks reconstructed in the detector. For a drift time t, the

corrected charge (Qcor) can be calculated from the measured (Qmeas) using

the electron lifetime:

Qcor = Qmeas exp(t/τ). (4.1)

Dividing Qcor by the wire pitch renders the number of electrons extracted

per cm, which is then related to the density of energy deposition, dE/dx,

using Birk’s law [129]:

dQcor
dx

= A
dE/dx

1 +KB(dE/dx)
, (4.2)

where A and KB are measured parameters, constant for a given electric

field in a given medium. In this work, A (0.8) and KB (0.097g.MeV.cm2)

are extracted from [130]. Birk’s law introduces a correction for the charge

that is collected: it is possible to have the electrons recombine with the ions

created at the interaction point. This effect depends on the density of the

energy deposition and the electric field which drifts the electrons away.

Liquid argon generates about 28 thousand electrons per MeV of energy
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deposited, which is well above the typical noise signal generated in the wires

(below one thousand electrons). When combined with the estimation of the

residual distance from a track point to the end of the track, the energy

loss can provide conclusive information of the particle type. As shown in

Figure 4.5, protons are much more ionising than other particle types, while

pions and muons are hard to discriminate based on calorimetry alone. The

templates shown in Figure 4.5 are used in ArgoNeuT’s calorimetric Particle

IDentification (Particle Identification (PID)) algorithm. For every fully con-

tained track, the residual distance to the end of the track can be calculated

and data points compared to each template. The best agreement determines

the PID of the track.

Using the wire pitch (0.4 cm) and the bottom plot of Figure 4.5, one can

estimate the energy threshold for detection of different particles. For pro-

tons, the limit is at ∼ 22 MeV and for muons and pions it is at ∼ 10 MeV.

The considerations made so far refer to the calorimetric reconstruction of

the detector. The topological reconstruction, that is the identification of

particle trajectories, is performed in a set of stages. In LArSoft, each

stage is a block for which several algorithms are available and can be inter-

changed. The reconstruction elements described here are the ones used in

this analysis, and they are optimised for ArgoNeuT [131].

Hit Finding

The “hit finding” is a process applied to the smoothed and Fast Fourier

Transformed signals. It starts with a search for local maxima in the readout

of a single wire ADC values over time. For each local maxima, the two local

minima around it are found and they determine the full width of the signal

pulse. In the case where the maximum is below the threshold, the hit is

rejected. In order to identify events in which multiple hits overlap, the hit

finding algorithm attempts a fit of N Gaussians to the pulse shape, where

each Gaussian has a characteristic, detector specific, pulse width. At the

end of this stage, all hits found in the detector are characterised by a signal

amplitude, the integrated ADC count above and below the signal baseline,

the start and end times and the central time, and a flag indicating if the hit

is close in time to another hit.
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Clustering

The next step consists in grouping hits in clusters, based on their proximity

in wire and time. This process is applied in each plane independently. The

clustering method is inspired by the “Density-Based Spatial Clustering of

Applications with Noise (DBSCAN) [132]. In this approach, hits are charac-

terised as belonging to a cluster or being isolated based on the surrounding

density of hits. Isolated hits are considered noise while hits clustered in

ellipses in a (wire, time) coordinate system are carried on to the next recon-

struction stage.

Line finding and line merging

The search for line-like objects starts with a Hough Transform. All the hits

surviving the DBSCAN are used in this algorithm. The (wire, time) co-

ordinates are transformed into (r, θ) lines and accumulated on a two dimen-

sional histogram, the Hough Accumulator. The cell in the Hough Accumu-

lator with the highest weight contains the parameters for a candidate-line.

The hits belonging to a line that has been found can be removed and the

process repeated until all lines are found - in practice, until the maximum

weight found in the Hough Accumulator is below the minimum acceptable

value. It is observed that sometimes a single line object is broken into mul-

tiple segments. In order to fix this feature, a simple “line merger” step is

added. The end product are line objects which contain the slope, end-points

and all the hits associated with the line.

Three dimensional tracking

The algorithms explained so far operate in both detector views separately.

The merging of these reconstructed objects into a three dimensional

image is done by comparing the time the objects are registered in both

planes. Signals induced in the collection and induction plane by the same

particle trajectory are readout at nearly the same time, the difference being

the time the drifting charge takes to propagate between the two wire planes.

A fundamental tool for the reconstruction and analysis of the ArgoNeuT

data is the LArSoft event display. The event display can be used to hand-

scan the neutrino interactions. This is very useful for the development of

the reconstruction algorithms and for the production of physics analyses.
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Even in the case of automated analysis like that which the ArgoNeuT col-

laboration has pioneered, hand-scanning provides a compelling verification.

An example of a full event display is shown in Figure 4.6.

53



Figure 4.3: On the top, the vessel where the TPC and the liquid argon are
contained. On the bottom, ArgoNeuT’s TPC. The solid copper
plane is visible in the foreground. The 1 cm copper strips placed
along the drift direction and enclosing the entire drift volume
are also visible. Image Credit: ArgoNeuT Collaboration [125].
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4.3 Overview of the Analysis

The analysis presented in the following sections follows a set of stages quite

conventional. In the first stage, event selection, a set of reconstruction cuts

are introduced in order to select a sample of events with the topology of

interest. The next stage is event classification, where the events previously

selected are classified into signal or background. The number of signal

events, N , is then estimated (signal extraction) and flux-averaged cross

section is calculated:

〈σ〉 =
N

εNAr

∫
φdE

; (4.3)

where NAr represents the number of argon target nuclei in the detector, ε

is the efficiency of the event selection and
∫
φdE is the integrated neut-

rino/antineutrino flux per cm2.

4.4 Event Selection

The final state topology of the signal events consists of two charged tracks:

ν̄µ + Ar→ µ+ + π− + Ar, (4.4)

νµ + Ar→ µ− + π+ + Ar; (4.5)

where the argon nuclei recoils slowly and is undetected. In order to select

these µ + π events, a set of cuts is defined. The starting requirements are

the existence of two reconstructed tracks inside the TPC, one of them being

matched to a MINOS track. The matching criteria is a requirement on the

collinearity of the ArgoNeuT and MINOS tracks: the extrapolation from

ArgoNeuT to MINOS must fall within 12 cm of the start of the MINOS

track and the difference between track angle must be less than 0.17 rad.

The matched track corresponds to the muon and the unmatched track is

the pion candidate. The pion may or may not be contained inside the

TPC volume and it does not need to be matched to MINOS. From here,

further cuts on the topology of the event, on the vertex activity and on the

calorimetric information are applied. Combined, the cuts aim at verifying

that the unmatched track corresponds to a pion and that there are no

other particles emerging from the vertex of the interaction. In the following
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paragraphs, some parameter distributions are studied and cuts are applied

to them. The optimal cut values are found independently for the neutrino

and antineutrino samples. The Monte Carlo simulation is used to try all

possible combinations of cut values and find the one that maximises the

significance of the selection here defined to be σ1 = s/
√
s+ b, where s and

b are the number of signal and background events that pass the cuts. This

definition of significance includes more signal than the sometimes preferred

σ2 = s/
√
b.

4.4.1 Drift-Time Cut

The drift-time cut is used to exclude events in which the two tracks show

a vertical separation that suggests the tracks are not produced at the same

vertex – see Figure 4.7. The signal events of this analysis can show some

degree of overlap between the pion and muon tracks. As a consequence, it

is possible that the overlap region is reconstructed as belonging to only one

of the tracks and a second track is found a few wires downstream of the

interaction point, once the particles have separated sufficiently. However,

the vertical displacement of the new track with respect to the first should

be small, unlike what is shown in Figure 4.7. In the event displays shown,

photon production induces activity which is tagged as a track, with the

vertex at the photon conversion point. The vertical distance between this

point and the muon track corresponds to a time difference (∆t) measured

in time ticks (each time tick corresponds to 198 ns). In order to remove this

type of background event, the distributions of ∆t on the collection plane for

signal and background events were studied and selection cuts were defined

(Figure 4.8). The cut values chosen, in units of time ticks, are 35 and 30

for antineutrino and neutrino, respectively.
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Figure 4.8: ∆t values as reconstructed for signal and background events.

The cut values are represented by the blue lines. For the anti-

neutrino events, the cut is set to 35 time ticks; neutrino events,

it is set at 30 time ticks.

59



4.4.2 Vertex Activity Cut

ArgoNeuT has great capability for discriminating any activity that comes

out of the interaction vertex. Photons and even neutrons leave scattered

hits which are detected, even if not usable for tracking. This potential

is exploited by defining a box around the event vertex in the collection

plane and analysing the charge deposition within. The Fractional Charge

is defined as

Frac. Charge =
total charge inside box associated to the 2 tracks

total charge collected inside box
, (4.6)

where the box is centred at the interaction vertex and is 80 wires long,

600 time ticks tall - shown in red in Figure 4.9 The dimensions chosen

correspond to approximately 20 cm × 20 cm. The cuts defined (86% and

84%) are a lower bound on the acceptable fraction of charge that belongs

to the two reconstructed tracks (Figure 4.10).
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by the vertex activity cut. The box, in the collection plane,

inside which the charge deposition is studied is also shown. The

scattered hits in these figures correspond to energy depositions

of a few MeV per hit.
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Figure 4.10: The fraction of charge inside a ∼ 20 cm × 20 cm box in the

collection plane must be mostly assigned to the two tracks. Cut

values on this fraction are shown in blue: 0.86 for antineutrino

and 0.84 for neutrino events.

4.4.3 Calorimetry Cuts

The calorimetry cuts are used to exclude proton activity in three ways. The

first and most straightforward comes into play when the unmatched track

is contained. In this case, the calorimetric-based PID is used to identify

the particle that produced the track by using the measured residual range

and stopping power along the track (revisit Figure 4.5). Tracks tagged as

protons are promptly rejected. The second case is when the unmatched

track is not contained. The calorimetric PID reconstruction is not possible

in this case because the residual range cannot be estimated. However, the

stopping power along this track can still be used to assert that it is consistent

with that of a pion. The charge readout from pions and muons corresponds

to minimum ionising particles (MIP) while protons are much more ionising,

at least 2 − 3 MIP equivalent. This is used to define a cut on the average

stopping power of the pion candidate, 〈dE/dx〉π (Figure 4.11, top row). The

third and last consideration is more subtle. Low energy protons frequently

emerge from the interaction vertex leaving no more than one or two wire hits.

These are hits with high ADC readout that often end up being associated

with longer tracks produced by other particles, in this analysis, the muon
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or the pion track. In order to exclude events with these protons, a cut

is set on the ADC readout of the first and second wire hits (Figure 4.11,

bottom rows). The second wire hit is added because the first wire hit is

affected by incomplete charge readout. Therefore, protons that do not lead

to substantial charge deposition on the first wire may still be tagged using

the second wire.
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Figure 4.11: The calorimetry cuts (blue lines) applied on the mean dE/dx
of the pion candidate track and on the ADC values of the first
and second wire hits. The cut on the mean stopping power is
used to exclude unconfined proton tracks; the cuts on the ADC
readout are used to exclude events where low energy protons
are created.
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4.4.4 Summary of the Event Selection

Overall, the cuts presented in the previous paragraphs define an exclusive

selection. As a consequence, the efficiency is rather low: 21.8% for anti-

neutrino and 18.4% for neutrino events. This efficiency is defined as the

ratio

ε =
number of signal events selected

number of signal events generated inside the TPC
(4.7)

The efficiency is limited by the 2-track reconstruction efficiency. The cut

values and some figures of merit of the selection are listed in Table 4.2.

Table 4.2: Summary table of the event selection: cuts applied, resulting

significance (s/
√
s+ b) and efficiency of the cuts. Number of

data events passing these cuts are also shown. The efficiency loss

is dominated by the 2-track finding efficiency. Tables 4.3 and 4.4

add more information.

ν̄µ νµ

Number of tracks 2 2

Drift-time cut 35 ticks 30 ticks

Charge cut 0.86 0.84

〈dE/dx〉π cut 4.9 MeV/cm 4.8 MeV/cm

1st hit ADC cut 1400 1600

2nd hit ADC cut 1900 1800

s/
√
s+ b 10.1 3.6

ε 21.8% 18.4%

Numb. of data events passing cuts 30 24

The uncertainty associated to the efficiency is investigated using a new

Monte Carlo dataset of signal events produced by NuWro. The limiting

factor afectting the efficiency is the 2-track reconstruction in part due to

the overlap of the pion and muon tracks; by using a different generator, the

dependance on the original signal assumptions – which come from genie –

are gauged. Using the relative difference as an estimate of the uncertainty

associated to the efficiency values, it is determined that εν̄µ = (21.8± 0.8)%

and ενµ = (18.4± 1.8)%.
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4.5 Event Classification

The event selection is used to define a sample of events which include back-

ground, predominantly π production via resonant production and deep-

inelastic scattering. Ideally, the reconstruction of the kinematic parameters

of the interaction:

Q2 = 2(Eµ + Eπ)(Eµ − Pµcosθµ)−m2
µ; (4.8)

and

|t| =
∣∣(q − Pπ)2

∣∣ ; (4.9)

would be used to select the CC coherent pion events, characterised by low

|t| (revisit Figure 3.4). However, the ArgoNeuT data doesn’t allow the full

calculation of these variables due to the incomplete tracking of the exiting

pions – Eπ and Pπ in Equations 4.8 and 4.9 are not completely measured.

The natural approach is to use the information left in the TPC to attempt

a classification using multivariate methods. The classification into signal or

background is based on the following input parameters:

• the angle of the pion candidate track, θπ;

• the angle of the muon track, θµ;

• the opening angle between the two tracks, ∆θ – see Figure 4.12;

• the muon momentum, Pµ, based on the MINOS reconstruction and

corrected for the momentum loss inside ArgoNeuT;

• the kinetic energy of the pion candidate based on the charge collected

from the track, Kπ;

• the mean stopping power of the first third of the muon track,

〈dE/dx〉µ. This parameter was added to help discriminate events

where the start of the muon and pion tracks overlap.
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✓µ = 20�

✓⇡ = 20�

✓⇡ = 20�
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Figure 4.12: Illustration of the usefulness of the ∆θ = θµ− θπ variable. The

track angles are measured as absolute value from the neutrino

incoming direction. In order to disambiguate the angle between

the pion and muon tracks, the ∆θ value is necessary. On the

two cases shown, both tracks make 20◦ angles with the neutrino

direction but ∆θ can be either 0◦ or 40◦.

Distributions of all the input parameters is shown in Figures 4.13 and 4.14.

Some parameters show a clear shape difference between signal and back-

ground, making their discrimination power evident. However, parameters

that don’t exhibit the same shape difference can still provide discrimination

power when combined with other variables. The search for this type of cor-

relation is a key to the success of the multivariate analysis. In the end, the

event classification exploits all the kinematic features mentioned and de-

livers a single output parameter, a classification value, with more powerful

discrimination. This approach is valid if there is good agreement between

the Monte Carlo and data distributions for each input parameter. Such

comparison is shown in Figures 4.15 and 4.16. Despite the low statistics,
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there seems to be a reasonable agreement.

The following section explains how the classification algorithms, Boosted

Decision Trees, were built.
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Figure 4.13: Antineutrino mode, input parameters for the multivariate ana-

lysis. Signal and background have area normalised. Difference

in shape between signal and background is more noticeable for

the angular distributions. These differences between signal and

background shapes will be used for event discrimination.
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Figure 4.14: Same as 4.13 but for neutrinos.

67



 [GeV/c]µP

0 2 4 6 8 10

 E
v
e

n
t 

C
o

u
n

ts

0

10

20

30

40

50

Antineutrino

Data

NC

µWrong Sign 

CC QE

CC Res

CC DIS

CC Coh

POT normalized

 [MeV/cm]µ<dE/dx>

2 3 4 5 6

 E
v
e

n
t 

C
o

u
n

ts

0

10

20

30

40

50

60

70

80
Antineutrino

Data

NC

µWrong Sign 

CC QE

CC Res

CC DIS

CC Coh

POT normalized

 [MeV]πK

0 50 100 150 200 250 300 350

 E
v
e

n
t 

C
o

u
n

ts

0

10

20

30

40

50
Antineutrino

Data

NC

µWrong Sign 

CC QE

CC Res

CC DIS

CC Coh

POT normalized

 [degrees]πθ

0 10 20 30 40 50 60 70 80 90

 E
v
e

n
t 

C
o

u
n

ts

0

5

10

15

20

25

30 Antineutrino

Data

NC

µWrong Sign 

CC QE

CC Res

CC DIS

CC Coh

POT normalized

 [degrees]µθ

0 10 20 30 40 50

 E
v
e

n
t 

C
o

u
n

ts

0

10

20

30

40

50 Antineutrino

Data

NC

µWrong Sign 

CC QE

CC Res

CC DIS

CC Coh

POT normalized

 [degrees]θ∆

0 10 20 30 40 50 60 70 80 90

 E
v
e

n
t 

C
o

u
n

ts

0

5

10

15

20

25

30

Antineutrino

Data

NC

µWrong Sign 

CC QE

CC Res

CC DIS

CC Coh

POT normalized

Figure 4.15: Monte Carlo and data distributions of the parameters used in

the multivariate analysis. The signal and background expect-

ations are stacked. The Monte Carlo is scaled to data POT.

Overall, there is good agreement between the data and the

Monte Carlo expectation.
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Figure 4.16: Same as Figure 4.15 but for neutrino interactions.

4.5.1 The Boosted Decision Trees

The classification algorithm relies on the use of the Monte Carlo simulation

to learn the discriminating features of signal and background events and

summarise the classification in one output value which retains most of the

variation present in all the input parameters. This purpose is accomplished

using two Boosted Decision Trees (BDTs) to classify neutrino and antineut-

rino events separately. The ROOT Toolkit for Multivariate Analysis [134]

provides a library of tuneable machine-learning algorithms and it was used

to create the BDT’s used in this analysis. The BDTs are trained using

the characteristics of the events generated by genie. The following para-

graphs summarise the main properties of the BDTs used and how they are

69



optimised to evaluate the ArgoNeuT data.

A decision tree [135] consists of a chain of cuts that, depending on the

brach followed, leads to a signal or a background classification. A decision

tree used in this analysis is shown in Figure 4.17. As outlined in the previous

sections, the decision is made by considering a set of input parameters x =

(θπ, θµ,∆θ, Pµ,Kπ, 〈dE/dx〉µ) and each decision tree is defined by a set of

parameters, p, which are cut values or decision values at each tree node. The

classification provided by one decision tree alone, f(x, pi), is very sensitive

to statistical fluctuations on the training data. This is overcome by the use

of Boosting [136], which consists on the construction of a robust classifier

based on many weak classifiers. The BDT combines the prediction of many

decision trees to deliver a classification which is more stable with respect to

fluctuations in the input parameters. In practice, the BDT response, F (x),

is averaged over the N decision trees used:

F (x) =

N∑
i=1

βifi(x, pi). (4.10)

The weights, βi, and the tree parameters, pi, have to be optimised to min-

imise a loss function L(y′, F (x)), which evaluates the difference between the

true classification value (y′) and the BDT output. This is accomplished us-

ing the Gradient Descent Method [137], which evaluates in which direction

in the (βi, pi) phase space the gradient ∂L/∂F is steepest. This optimisa-

tion search is iterative and the steps given in any given direction of the

parameter space can be reduced by an ad hoc factor, the learning rate or

shrinkage parameter (∈ ]0, 1]).

In this analysis, a small shrinkage parameter is used, 0.01. This enhances

the robustness of the classification but demands more trees to be grown,

which increases the computational burden associated to the training and use

of the BDT. For the analysis shown, 10000 trees were used. The performance

of the BDT improves as the number of trees increases, although above some

number there is no significant improvement of the results. The weights

associated to each tree were found by minimising a loss function the “gini-

index” P (1− P ), there P is the purity of the selection.

The BDT built for this classification also benefits from the use of Bag-

ging. Bagging consists in the partitioning of the training data into random
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subsamples. Each tree is grown using 80% of the available data set, with

events randomly selected. This effectively corresponds to a smearing of the

training data and stabilises the response of the BDT as, in practice, the

response is averaged over subsets of the training data set.

The issue of “overfitting” is particularly important in this analysis, as

the modelling of especially the signal is a matter of debate. The most

important measure taken to minimise the bias towards the training model

was the rebinning of the genie signal and background templates. The

histograms in Figure 4.18 show the expected pion momentum and angle for

signal events in ν̄µ interactions. The prediction is shown for two different

neutrino generators – genie and NuWro. The top histograms have small

bins which allow for fine structure features to arise, enhancing the difference

between the two generators. Using a coarser binning – histograms on the

bottom – that fine structure is removed. In the BDTs used, the entire

range of possible values for each input parameters is divided in only twelve

bins, which affects the decision values which can be selected for each tree

node (again, see Figure 4.17). This strategy makes the final BDTs less

sensitive to differences between the data and the training sample. The

goal is to have the BDT perform at least as well as human hand-scanning

while keeping a systematic and automated analysis scheme. In the hand-

scanning approach, “small-angle” events are classified as signal and larger

angles are classified as background without relying on detailed information

on the priors – the model expectation. Inspection of event displays revealed

that the classification obtained with the BDTs was in agreement with the

physicist-decision. An example of an event classified as signal is shown in

Figure 4.19.
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Figure 4.17: One of the 10 000 decision trees used for classifying the events.
The purity, P = s/(s + b), is shown. For decision nodes (the
three first layers) the purity values are the result of each de-
cision node alone; for the bottom nodes, the purity is the one
achieved by combining the decision nodes above.
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Figure 4.18: On the top, antineutrino probability of generating pions at

some value of momentum and angle as given by genie 2.8.2

and NuWro 11m. On the bottom, the same probabilities

rebinned. Rebinning the Monte Carlo decreases the bias to-

wards the model used to train the BDT.
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4.5.2 Summary of the Event Classification

Two BDTs were trained to independently classify νµ and ν̄µ interactions us-

ing Monte Carlo samples of signal and background events. The Monte Carlo

is based on genie 2.8.2 which uses the RS model for modeling the coherent

production of pions. The events which are used for the BDT training pass

a set of reconstruction cuts. The observables used for classification are the

angles of the muon and pion with respect to the neutrino incoming direc-

tion, the opening angle between the muon and the pion, the momentum of

the muon, the energy deposited by the pion in ArgoNeuT, and the average

stopping power of the first third of the muon track. The reconstruction

cuts and the BDT are applied on the data and on a Monte Carlo sample of

events different from the one used in the training of the BDT. The results

are shown in the histograms of Figure 4.20 which will be used to estimate

the coherent signal present in the data sample. From these histograms it

stands out that there is a disagreement on the background scale. The sep-

aration between the background and signal peaks found in the Monte Carlo

expectation can also be seen in the data. There seems to be good shape

agreement, although a conclusion can only be made after the fit discussed

in the next section.

The performance of each selection stage is summarised in Tables 4.3

and 4.4 where we define the signal region of the BDT as all events as-

signed with an output value greater than zero. The signal region is defined

here only for a benchmarking purpose, it is not used to define the number

of signal events for the cross section calculation. The fitted signal is worked

out in a later section of this work and it results from a statistical analysis of

the entire range of BDT output values. As can be seen in Tables 4.3 and 4.4

and Figure 4.20, a relatively pure sample of signal events is expected to be

identified.

73



High ChargeLow Charge

Collection Plane Wire Number

Induction Plane Wire Number

D
rif

t T
im

e 
[T

ic
ks

]

50 100 150 200

50 100 150 200

500

1000

1500

2000

0

500

1000

1500

2000

0

0

Figure 4.19: Example of a data event classified as signal by the BDT. The
neutrino’s incoming direction is along the horizontal coordin-
ate; the muon track corresponds to the most forward going one,
making an angle of 1.2◦ with the incoming neutrino direction.
The opening angle between the muon and the pion track is
10.6◦. A kink in the pion track can be seen.
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Table 4.3: Expected number of signal and background events along with
the number of events observed in data. The BDT signal region
corresponds to a BDT classification value greater than 0. This
Table summarises the results shown in Figure 4.20. The fractions
of background and signal contained in each sample are shown.
High purity is obtained in the BDT signal region: only 8.8%
of the background events passing the reconstruction cuts leak
into the signal region (3.7 from 42.2). The absolute scale of the
background is still to be tuned to the data.

Number of ν̄µ After Selection (frac. of total)

2-Track Sample Recon. Cuts BDT > 0

M
on

te
C

ar
lo

NC 7.1 (3.0%) 1.4 (2.8%) 0.0
CCQE 22.1 (9.5%) 5.0 (10.0%) 0.2 (1.8%)
CCRES 110.1 (47.3%) 24.8 (49.5%) 2.6 (23.6%)
CCDIS 78.8 (33.8%) 9.5 (19.0%) 0.7 (6.4%)
Wrong-Sign muon 7.0 (3.0%) 1.5 (3.0%) 0.2 (1.8%)
Total Background 225.1 (96.6%) 42.2 (84.2%) 3.7 (33.6%)
CC Coh π 7.9 (3.4%) 7.9 (15.8%) 7.3 (66.4%)
Background + Signal 233.0 50.1 11

Data 165 30 9

Table 4.4: The same as Table 4.3 but for neutrino events. Again, good
separation between background and signal is obtained, with only
5.6% of the background having a BDT classification value greater
than 0.

Number of νµ After Selection (frac. of total)

2-Track Sample Recon. Cuts BDT > 0

M
on

te
C

ar
lo

NC 5.7 (2.8%) 1.2 (2.7%) 0.0
CCQE 34.3 (17.1%) 12.3 (27.8%) 0.3 (5.8%)
CCRES 43.8 (21.8%) 6.5 (14.7%) 0.5 (9.6%)
CCDIS 108.3 (54.0%) 20.4 (46.1%) 1.3 (25%)
Wrong-Sign muon 5.5 (2.7%) 0.9 (2.0%) 0.2 (3.8%)
Total Background 197.6 (98.6%) 41.3 (93.4%) 2.3 (44.2%)
CC Coh π 2.9 (1.4%) 2.9 (6.6%) 2.9 (55.8%)
Background + Signal 200.5 44.2 5.2

Data 139 24 8
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Figure 4.20: Classification output for data and Monte Carlo samples. The

Monte Carlo prediction, which is normalised to the same POT

as the data, overestimates the number of events found in the

data. The signal fit will be insensitive to this difference, only

the shape of the background and signal are important. The

histograms show all individual background contributions and

signal stacked. The leakage of background into A small contri-

bution from NC background can be seen. This is due to the

matching of charged particles emerging from the neutrino inter-

action to muons in the MINOS detector which are not related

to the ArgoNeuT event.

4.6 Extraction of the Signal

Figure 4.20 shows the binned expectation of signal and background with

the observed data superimposed on it. The expected content ui of each bin

is given by:

ui = Bbi + Ssi; (4.11)

where bi and si describe background and signal shapes while the scales B

and S determine the total level of background and signal. The fit of the
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Monte Carlo expectation to the data will preserve the shapes while changing

the scales. The statistic used for the estimation and goodness-of-fit testing

is the Poisson likelihood χ2 [138]:

χ2 = −2 lnλ = 2
N∑
i=1

[
µi − di + di ln

di
µi

]
; (4.12)

where the sum is over all bins and di is the number of data events found in

bin i. For bins with no data entry, the logarithmic term is zero. The total

number of signal events, ns, is the integral of the best-fit signal histogram:

ns = S
N∑
i=1

si. (4.13)

The number of background events, nb, is found in an equivalent way.

The statistic defined in Equation 4.12 covers a two-dimensional phase

space, where a χ2 value is calculated for each signal and background scale

hypothesis. In Figures 4.21 and 4.22, the best fit results are shown along

with the χ2 values found for each signal hypothesis (ns). Note that for each

ns value shown an optimal estimation of the background, nb, was found.

The χ2(ns) curved represented is a projection of χ2(ns, nb). The statistical

error is found by evaluating the central confidence interval determined by

∆χ2 = χ2 − χ2
min = 1. The number of degrees of freedom is equal to the

number of bins minus the number of parameters in the fit – which are two,

the signal and background scales B and S. The best fit values found were

verified to be robust against different choices of binning (three to ten bins

in total).

The best-fit background histograms correct the background scale. Fig-

ure 4.20 overestimates the number of background events to expect, this

is due to well-known flux scale uncertainties. The number of background

events leaking into the high BDT value is low, so a high purity sample of

CC coherent π events is identified.

The significance with which the absence of coherent signal is excluded

is also estimated repeating the fit assuming S = 0. Table 4.5 lists the

χ2 values obtained. The no-signal model is disfavoured with respect to

the signal hypothesis at 2.5 and 2.2 standard deviations (antineutrino and

neutrino, respectively).
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It stands out that the statistical uncertainty associated with the number of

signal events is large, 37% to 47%, and will dominate the total uncertainty

associated to the cross section estimation. A large statistical error was

expected from the beginning, due to the small cross section of CC coherent

π production and the limited exposure available for analysis.

Table 4.5: χ2 values for best fit to signal+background and background only

hypothesis. The no signal model is disfavoured with respect to

the signal hypothesis at 2.5 and 2.2 standard-deviation levels.

ν̄µ νµ

χ2
min/ndf 1.6/6 8.6/6

χ2
min/ndf (no signal) 7.8/5 13.6/5

σ =
√

∆χ2 2.5 2.2
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Figure 4.21: On the left hand side, antineutrino data with the best back-

ground and signal fit. The background estimation is 22.3

events; the signal is 7.9 events. The minimum χ2 is 1.6.

On the right hand side, the horizontal dashed line represents

∆χ2 = χ2
min+1 and it defines the statistical error interval +3.7

−3.0.
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Figure 4.22: The equivalent to Figure 4.21, but for the neutrino data. The

best background estimation is 16.5 events; the best signal fit

7.0+3.3
−2.6. The minimum χ2 is 8.6.

4.7 Systematic Errors

Several sources of systematic uncertainty affecting this cross section meas-

urement have been considered. The estimation of the uncertainty associated

with most sources of systematic error has already been performed in previ-

ous ArgoNeuT and MINOS analyses. The next paragraphs summarise these

sources and describe how the errors are propagated to the cross section un-

certainty. A breakdown of all systematic errors is shown in Table 4.7.

4.7.1 Background Scale

The cross section for the background processes (the charged current QE,

RES, DIS and a negligible NC) have large uncertainties in the few GeV

energy range, ∼ 20% [50]. These uncertainties are propagated to the cross

section estimation by scaling each background component present in his-

tograms of Figure 4.20 by ±20%. The signal extraction is repeated and

the number of signal events found leads to a new cross section value. The
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difference between this value and the original cross section is the systematic

error.

4.7.2 Wrong-sign Muon

The mis-identification rate of the muon charge in MINOS is estimated in the

Monte Carlo simulation. The muon charge can be mis-identified when the

muon leaving ArgoNeuT is matched to the wrong muon track in MINOS or

when the muon is correctly matched but the MINOS charge identification

fails to evaluate correctly the curvature of the trajectory, which can happen

for very short or straight tracks. The expected background of wrong-sign

muons can be seen in Figure 4.20. The uncertainty associated with this

background should be relatively large: a value of 20% was assumed. The

signal extraction was repeated scaling the background by the hypothesised

uncertainty and the difference in the final cross section was kept as the

systematic uncertainty.

4.7.3 Nuclear Interactions

Final state interactions (FSI) emerging before the particles produced by the

neutrino interaction leave the target nucleus have an impact on the visible

topology of the events. Genie does not add FSI to coherent interactions

and this analysis will keep that assumption. All that needs to be evaluated

is the FSI impact on the background. This is done by finding the fraction of

events that had their interaction products changed to π+µ by FSI – shown

in Table 4.6. We associate a large uncertainty to these estimations (±20%)

and reweigh each FSI-added event accordingly. The uncertainty assumed

is conservative and at the same level as the uncertainties associated to the

background scale.
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Table 4.6: Fraction of background added by FSI, listed by interaction mode

and neutrino parent. The table is built by analysing the Monte

Carlo sample that passes the reconstruction cuts; for these events,

the number of pions and protons produced by the neutrino inter-

action (prior to any addition of FSI effects) are counted. Events

that are generated with some other topology that 2 charged

tracks are counted as FSI generated.

FSI Generated [%]

ν̄µ νµ

CC QE 100 100

CC RES+DIS 34.4 78.7

NC 22.5 14.4

4.7.4 Muon Momentum Resolution in MINOS

The MINOS muon momentum has an associated error of [139]:

δPµ
Pµ
≈ 4%.

The impact of this error on the cross section is estimated by repeating the

entire analysis using a reconstructed Monte Carlo MINOS muon momentum

scaled up or down by 4%.

4.7.5 Angle Resolution in ArgoNeuT

The evaluation of this systematic is similar to 4.7.4. The angular resolution

for tracks reconstructed in ArgoNeuT is 1◦ [131], found by comparing true

trajectory angles with reconstructed ones in the Monte Carlo simulation of

the detector. The uncertainty on the cross section is found by repeating the

analysis with the ArgoNeuT reconstructed track angles smeared by 1◦.

4.7.6 POT, Flux Normalisation, Efficiency

The POT and flux normalisation systematic errors are 1% [140] and

11% [139] respectively. These errors only affect the final cross section cal-

culation after the the signal has been estimated (see equation 4.3). The

81



calculation is repeated assuming integrated fluxes scaled by the POT and

flux normalisation errors.

Just in the same way, the uncertainty associated to the efficiency is

propagated by scaling the efficiency estimated by its uncertainty.

4.7.7 Number of Argon Targets

The uncertainty on the number of Argon targets originates from the uncer-

tainty on determining the active volume [131]. The uncertainty on the Y

and Z dimensions, measured using the crossing positions of the wires has an

uncertainty of 1 mm; the X dimension is obtained from the electron drift-

time has an uncertainty of approximately 1 cm. Combined, these lead to an

uncertainty on the number of argon targets equal to 2.2%. Uncertainties

associated with the density of the liquid argon or Avogadro’s constant are

considered negligible.

4.7.8 Signal Modeling

Most of the debate concerning the analysis presented was about the model

dependancy due to the use of the BDTs which are trained using genie

priors. In order to evaluate the dependance of the measurement on the

priors, another generator (NuWro) was used to provide the signal template

used to fit the data. Note that the BDTs used remain the same, only the

Monte Carlo on which they are applied is different. The difference found

was in the estimation of the number of signal events was 0.9% and 5.7% and

these values are fixed as the systematic uncertainty associated to the choice

of model. Note that despite the fact that the two generators use the same

model (Reign-Sehgal), they deliver different signal shapes due to the use

different hadronic data and more or less updates to the formalism – genie

is the most up-to-date.

82



E
v
e

n
t 

C
o

u
n

ts

0

1

2

3

4

5

6
µ

ν

GENIE (2.8.2)

NuWro (11m)

BDT Classification
1 0.5 0 0.5 1

R
e

la
ti
v
e

 D
if
.

0.3
0.2
0.1

0
0.1
0.2

Figure 4.23: Comparison of the signal templates obtained with NuWro and

genie. The the difference in the number of signal events ob-

tained with the two is kept as the systematic error (0.9%).
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Figure 4.24: Same as Figure 4.24 but for neutrino. The difference on the
number of signal events estimated is more significant in this
case, 5.7%.
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Cross section uncertainty [%]

Systematic Effect ν̄µ νµ

B
ac

k
gr

ou
n

d CC QE +0.3
−0.4

+1.2
−0.6

CC RES +0.2
−0.5

+0.4
−0.3

CC DIS ±0.1 ±0.3
NC ±0.1 ±0.1
Wrong-sign µ ±0.1 ±0.2

Nuclear Effects ±0.3 ±0.7

R
ec

on
.

MINOS momentum res. ±4.1 ±4.3
ArgoNeuT angle res. ±1.6 ±2.7

POT ±1.0 ±1.0

Flux normalization +10.0
−12.0

+10.0
−12.0

Number of Ar targets ±2.2 ±2.2

Efficiency ±0.8 ±1.8

Signal modeling ±0.8 ±5.7

Total systematics +11.3
−13.1

+12.9
−14.5

Table 4.7: Breakdown of systematic errors. The systematic errors associated
to the background shape and scale have small contributions. This
is due to the low number of background events expected in the
signal region bins. The reconstruction uncertainties, in particular
the angular one, are more relevant as the discrimination between
signal and background depends on them. The leading systematic
uncertainty comes from the flux normalisation.
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4.8 The Cross Sections

The cross sections are calculated using Equation 4.3. The number of targets

is 2.26 × 1027 argon atoms, estimated using the fiducial volume 41 cm ×
32 cm × 80 cm = 104.96 dm3. The efficiencies and integrated fluxes are

listed in Table 4.8. Using the estimations of the number of signal events

ε(%)
∫
φdE (neutrinos.cm−2)

ν̄µ 21.8 2.94× 1012

νµ 18.4 6.56× 1011

Table 4.8: Efficiencies and integrated flux values used for the calculation of
the cross section. The efficiency is calculated in Section 4.4.4 and
the integrated fluxes result from the integration of the histograms
in Figure 4.2.

(Section 4.6), the flux-averaged cross sections for CC coherent π production

are found to be:

〈
σν̄µ
〉

=
(
5.5+2.6
−2.1(stat)+0.6

−0.7(syst)
)
× 10−39cm2, (4.14)

〈
σνµ
〉

=
(
2.6+1.2
−1.0(stat)+0.3

−0.4(syst)
)
× 10−38cm2. (4.15)

A comparison with neutrino generator predictions and other experimental

data is shown in Figure 4.25. The antineutrino measurement is in agreement

with the generators while the neutrino measurement shows a 1.2σ deviation.
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measuring CC coherent π production in the few GeV energy
range is also shown. These consist in measurements made by
SKAT (�,�) and CHARM II (H) [82, 141]. All measurements
are scaled to Argon assuming the A1/3 dependance from the
Rein-Sehgal model.
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4.9 Conclusion

A sample of CC coherent π production events was identified in the Ar-

goNeuT detector and cross section values for neutrino and antineutrino

interactions were extracted. The analysis relies on a set of cuts and a BDT

classification for identification of the signal events. The analysis is robust

as small differences in the final results are found by tweaking the cuts, the

BDT training or the binning of the histograms for the final signal fit. Hand-

scanning was also used to confirm the BDT classification.

There is some tension between the measurements presented and the null

results from K2K and SciBooNE. The cross sections found are also in good

agreement with the state-of-the-art RS prediction encoded in genie, al-

though model testing is not the goal of this analysis, owing to the large

statistical uncertainties. The low number of events available are a limiting

factor, but nevertheless, the capabilities of the detector were well exploited

and a measurement was possible: the resolution of the event vertex and

the precise calorimetry of the events are at the foundation of this analysis.

Similar experiments due to start operating soon such as MicroBooNE and

LAr1-ND will collect hundreds/thousands of coherent π production events

and may provide measurements crucial for the modelling of this interaction.

The success of this analysis is also important for future long baseline

neutrino oscillation experiments which are planned to use liquid argon de-

tectors. The capability to produce automated analysis of liquid argon data

is a necessary feature as the number of interactions to be analysed in those

experiments makes hand-scanning impractical.

It is also important to point out that the leading systematic error in

this analysis, the flux uncertainty, is likely to persist in future experiments.

As discussed in Chapter 3, this is an issue inherent to all cross section

measurements and will remain inescapable until new ways of generating

neutrino beams are put into practice.
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5 Muon ionization Cooling and

the MICE Experiment

5.1 Introduction

What most distinguishes nuSTORM from a Neutrino Factory is the lack of a

muon acceleration stage. This would require ionization cooling, a technique

set to be demonstrated by the Muon ionization Cooling Experiment, MICE.

In this Chapter, an overview of some fundamental accelerator concepts is

given and the MICE experiment is introduced.

5.2 Beam Emittance

A few accelerator concepts are necessary for the understanding of what

MICE is set to measure. The most fundamental of these is the beam emit-

tance. It is frequently used as a figure of merit for the quality of particle

beams as it is a measure of the dispersion and divergence of the particles in

the beam.

As particles move along an accelerator, they oscillate in the plane trans-

verse to the beam line axis due to non-zero divergence angles which cause

them to stray from the central trajectory. The use of quadrupole magnets

brings particles back to the central trajectory but only by inverting the dir-

ection of the divergence. These transverse oscillations are known as betatron

oscillations. From the mathematical description of this movement arises an

important quantity, the Courant-Snyder invariant [142]:

C(x, x′) =
1

β

[
x2 + (αx+ βx′)2

]
= γx2 + 2αxx′ + βx′2; (5.1)

where x represents one of the directions transverse to the beam axis, and
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x′ = dx/ds is the divergence angle of the particles trajectory with respect

to the beam line direction where s is the total path length of the particle’s

trajectory. Equation 5.1 represents an ellipse in the (x, x′) plane. The phase-

space enclosed by this ellipse is equal to πε and ε is known as the transverse

emittance of the particle and has units of length or length×angle and is

fully determined from the initial conditions. Even though other parameters

might change, modifying the shape of the ellipse, the area remains constant

all around the accelerator length, as long as only conservative forces come

into play. This is the single-particle emittance.

When considering a many-particle beam, the emittance can be specified

in a different way. After measuring x and x′ for each particle in the beam,

many points can be added to the (x, x′) phase-space. An ellipse can then

be drawn, containing a certain percentage of the points. A 95% emittance

would correspond to a ellipse area containing 95% of the particles. Figure

5.1 illustrates this concept.

The emittance, ε, defined as the area of the ellipse described by Equa-

tion 5.1 is not invariant when the energy of the particle changes, for example

due to transport with acceleration. For this reason, a normalised emittance,

conserved during acceleration, is defined using the Lorentz relativistic factor

(γ):

εN = βγε. (5.2)

In conjugate phase-space coordinates (x, px) with px = px′ = mcβγx′, where

m is the mass of the particle and p its momentum, we obtain the Liouville

invariant phase-space area [143].

From studying the evolution of the (x, x′) distributions in beams it fol-

lows that the emittance can be quantified using the the moments of the

beam (variances and covariances) in an “r.m.s. emittance” defined by

Lapostolle [144]:

ε4DN =
1

mc
|V(x, px, y, py)|1/4 ; (5.3)

where m is the mass of the particle in the beam and V is the covariance

matrix of the beam phase-space parameters. This is a 4D emittance value

because it is computed from the 4 transverse parameters x, px, y, py; the full

6D emittance can be calculated when measurements of time and particle

energy are added.

89



95%

100%

x

x'

Figure 5.1: An example of (x, x′) phase-space distribution. Ellipses contain-

ing 100% and 90% of the particles are shown.

5.3 ionization Cooling

Cooling techniques are used to control the emittance of particles in a beam,

decreasing the space and momentum phase-space they occupy along the

acceleration process. Currently, electron, laser and stochastic cooling are

the methods available for this purpose, and the theorised ionization cool-

ing technique [45] remains untested. Compared to other cooling techniques,

ionization cooling has the advantage of taking effect in a much shorter times-

cale.

The principle of ionization cooling is to pass the particle beam through an

absorber in which both transverse and longitudinal momentum are reduced,

followed by momentum restitution in the longitudinal direction by RF cavit-

ies. The process can be repeated a number of times, resulting in progressive

reduction of the transverse emittance. Multiple Coulomb Scattering intro-

duces an undesired counter effect (see Figure 5.2), so the choice of absorber
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material must be optimised to maximise the net emittance change. For a

muon beam crossing an absorber in a focusing magnetic lattice the rate of

change of the normalised transverse emittance is [145]:

dεN
dz

= − 1

β2

∣∣∣∣dEµdz
∣∣∣∣ εNEµ +

β⊥(0.014GeV)2

2β3EµmµX0
, (5.4)

where β⊥ is the lattice beta function, X0 the radiation length of the absorber

medium, Eµ and mµ the muon energy and mass, β = v/c and
∣∣∣dEµdz ∣∣∣ is

the mean rate of muon energy loss in the medium, given by the Bethe-

Bloch equation. The first term in Equation 5.4 is the “cooling” part, which

describes the emittance reduction via energy loss; the second term is the

“heating” term due to the multiple scattering in the absorber material. The

best balance is obtained by choosing low atomic number materials such as

liquid hydrogen. It is also important to note that the cooling is more efficient

if the absorber is placed in a region where the beam highly convergent

or divergent. To achieve this, superconducting magnets are added to the

absorber region, which makes the design and construction of cooling cells a

complex problem.

dE/dx scattering re-acceleration

pt

pl

Figure 5.2: Schematic representation of the cooling concept. The change
in transverse momentum (pt) and longitudinal momentum pl
is shown using the coloured arrows. (1) and (2) take place in
the absorber material while (3) is introduced by RF cavities.
In (1), the particle’s momentum is reduced due to the energy
loss in the absorber (black to green arrow). (2) represents the
multiple scattering which adds some “heating” (green to red
arrow). At (3), the re-acceleration in the RF cavity restitutes
the longitudinal momentum, the net effect is a reduction of the
transverse momentum. Image credit: [146].
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5.4 MICE

The MICE collaboration aims to demonstrate ionization cooling. This is

part of the pathway to the construction of a Neutrino Factory or Muon

Collider as these facilities would require high quality muon beams which

cannot be cooled using conventional techniques as they are not compatible

with the short muon lifetime. The fundamental part of the MICE beam line

is a section of what could be a neutrino factory cooling channel, the per-

formance of which is to be measured in several modes of operation and beam

conditions. In its final form, MICE’s cooling channel is expected to reduce

the emittance by about 10% [147]. The experiment is being constructed at

the Rutherford Appleton Laboratory [148].

5.4.1 Beam line and Detectors

The production of muons for the MICE experiment starts at the ISIS 800

MeV proton-beam [149]. When a titanium target is dipped into the proton-

beam halo, a pion beam is extracted from the synchrotron and transported

into the MICE Hall (Figure 5.3). The transport starts with the capture of

charged particles by an arrangement of three quadrupoles (triplet). This is

followed by a dipole which is used to bend the particle’s trajectory through

the ISIS wall, selecting them according to their momentum. Embedded in

the ISIS wall, there’s a 5 m long superconducting 5 T decay solenoid where

the field induces helical trajectories which increase the path length of the

charged particles coming through and in which most pions decay to muons.

A second dipole is used to produce a clean muon beam by accepting muons of

a desired momentum and excluding protons and undecayed pions. Finally,

a large acceptance transport channel consisting of two sets of quadruple

triplets delivers the beam to MICE.

A detailed drawing of the MICE components is shown in figure 5.4. As

can be seen, the arriving beam finds a sequence of three detectors, used to

identify particles within the beam - muons, and contaminating pions and

protons. The first set of detectors the muon beam arrives at are two time-

of-flight chambers (Time-Of-Flight (TOF)0 and TOF1) and a Cherenkov

detector. These are followed by a tungsten or brass diffuser which is used to

control the input emittance of the beam. The beam then reaches the first

scintillating fibre (Scintillating fibre detector (SciFi)) spectrometer which
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Figure 5.3: Extraction beam line, from ISIS to MICE. Image credit: MICE
collaboration.

is inside a 4 T solenoid. The upstream spectrometer will provide precise

measurements of position and transverse momentum which will be used for

the calculation of the 4D emittance just before the muon beam reaches the

cooling channel; combined with the time measurements of the TOF detect-

ors, the full 6D emittance can be calculated. The cooling channel consists

of a sequence of absorbers and 201.25 MHz RF cavities placed within a

solenoidal magnetic field. After the cooling channel, another SciFi spectro-

meter and a TOF detector (TOF2) are in place to measure the change in

emittance and an electromagnetic calorimeter (KLOE-like scintillating fibre

detector (KL)/Electron-Muon Ranger (EMR)) is also added at the end of

the beam-line in order to reject beam contamination via further particle

identification.

The cooling channel cell is composed of an absorber module (made of

liquid hydrogen or lithium hydride) followed by an RF cavity which cool

the muon beam according to the simple scheme depicted in Figure 5.2. The

absorber material used in the cooling cell is chosen taking into account the

effectiveness of the cooling provided and the liability of its usage. Low Z

materials are preferred as the cooling performance depends on keeping the
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scattering low compared to the amount of energy loss induced (see Equa-

tion 5.4). Liquid-hydrogen is a favoured option, as the cooling it induces is

maximised by a combination of large ionization energy loss and small prob-

ability for multiple-scattering. However, some tests with lithium-hydride

are also being planned, since it is a more practical alternative, even though

it is a less effective “cooler”. The focus coils which surround each absorber

module are used to reduce the transverse beta function (β⊥), a requirement

for optimal cooling - again, see Equation 5.4. In the complete setup, the

last absorber is installed in order to protect the downstream spectrometer

from dark current and X-ray backgrounds arising in the RF cavities.

Finally, the two pairs of matching coils shown in Figure 5.4, match the

beam such that there is a smooth transition from the cooling channel to the

upstream and downstream spectrometers.

Figure 5.4: Schematic view of the MICE cooling channel and the two SciFi
spectrometers. The layout depicts two cooling cells (absorber
followed by RF cavity) and beam line elements used to control
the optics of the beam (matching coils and focus coils). Image
credit: MICE collaboration.

5.5 Experimental Stages

The final shape of the MICE experiment shown in Figure 5.4 was envisaged

to be achieved in a set of steps, where detectors and beam components
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are gradually added. In an early stage, the muon beam was characterised

using only the TOF and Cherenkov detectors, on a beam line which only

contained the quadrupoles, dipoles and decay solenoid.

At the time of this writing, the SciFi spectrometers are also in place but

have not been operated inside the solenoidal field. They have been used

in test runs, measuring cosmic rays. The addition of parts to the cooling

channel is due to start within months, with the installation of the first

absorber and focus coil. This is to be followed by the addition of the first RF

cavity which completes the first cooling cell, at which point a measurement

of ionization cooling can be attempted.

5.6 The SciFi Spectrometers

The set of detectors deployed along the beam line aims at characterising

the muon beam before and after the cooling channel. Fundamental in these

measurements are the two SciFi spectrometers or trackers, as they are com-

monly referred to. These detectors are identical, each is composed by five

stations, 32 cm diameter, made of three planes of scintillating fibre. The

fibres in each plane make an angle of 120◦ with the fibres in other planes.

The spacing between stations is unique (see Table 5.1) in order to disam-

biguate the turning angles of the particles travelling in the solenoidal field.

The main fibre material is polystyrene doped with compounds to produce

scintillation light and to re-emit this light at a frequency suitable for the

electronic readout. Polythiophene is the primary scintillating dopant and it

is present at the level of 1.25% by weight; the wavelength shifting dopant

is 3-Hydroxyflavone and it is present at 0.25% by weight. The fibres are

350µm diameter and they are arranged in a double layer for each plane. The

light output to the electronics is arranged in a seven-fibre gauged readout

as shown in Figure 5.6. The pitch of these readout channels is 427µm.

By combining the measurements made in each plane, it is possible to track

particles crossing these detectors with sub-mm scale position resolution –

see Figure 5.7.

The light produced in the fibres is transported to Visible Light Photon

Counters (VLPCs) which are operated at cryogenic temperatures [150]. The

VLPCs are impurity band conduction silicon diodes with high gain (20000

to 60000) and high quantum efficiency (better than 80%). Each photon
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Figure 5.5: The tracker stations photographed outside the coffin which pro-
tects them from the light.

277.3 µm

350 µm

213.5 µm

627.3 µm

Figure 5.6: Fibre arrangement in each tracker plane. The fibres in red rep-
resent a readout channel.
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Figure 5.7: Example of two cosmic-ray events in both trackers during a cos-
mic test run. The fibre plane orientation in each station is used
to locate the crossing position of particles coming through with
470µm resolution per layer.

collected induces an electron avalanche which generates a signal amplitude

sufficient to be measured.

5.6.1 Reconstruction

Reconstruction of tracks of particles crossing the trackers follows a single-

particle method. Such a method has the advantage of improving the preci-

sion in the measurements, as the presence of the solenoidal magnetic field in

the tracker and cooling channels leads to strong correlations between the co-

ordinates to be measured, introducing a bias in the emittance measurement.

Also, the single-particle reconstruction makes it easier to take into account

particle losses, separating this effect from the cooling measurement. The

stages of track reconstruction are described in the following paragraphs.

Hit finding

The hits must be identified on the individual VLPC channel and associ-

ated with the appropriate group of seven scintillating fibres. Only signals

corresponding to one photo-electron or more are accepted.
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Table 5.1: Specifics of each of the SciFi spectrometers.

Parameter Value

Number of stations 5

Station Diameter (cm) 32

Station Spacing 1-5 (cm) 20;25;30;35

Number of planes per station 3

Number of Channels per plane 212-214

Fibre radius 350 µm

Channel Pitch 427 µm

Clustering

Because there is some superposition between adjacent readout channels (see

Figure 5.6), a particle might produce a signal in two neighbouring channels

at the same time. If this happens, the two channel hits are clustered and

a pulse-height weighted mean position is calculated for the hit. Clusters,

which might be composed of one or two hits, are only accepted if the signal

is equal or higher to two photo-electrons.

Space-point reconstruction

A space-point results from the intersection of clusters in a station. The

search for intersections of three clusters is attempted first and these are

called “triplets”. Figure 5.7 shows cosmic-ray events producing triplets in

all stations. Once all triplets are found, any remaining clusters which belong

to a same station but different views are combined to form a “duplet”. The

plane efficiency is very high (∼ 99%) so most events produce triplets.

Track finding

The muons traveling through the solenoidal field inside the spectrometer

have helical trajectories. The track finding algorithm finds collections of

space-points which fit a helix and estimates the corresponding transverse

and longitudinal momentum.

Track fitting

A Kalman Filter is used to determine with improved precision the track

parameters that describe the track candidate found by the track finding

routine. The following Chapter presents a detailed description of this re-

construction stage.
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5.7 Precision Requirements

The precision requirements for the success of the experiment have been

formulated in references such as [151–153]. It is stated that, in order to

measure the expected change of emittance (∼ 10%), the absolute emittance

before and after the cooling channel must be measured with a precision

level of 0.1%. This translates into a requirement on the precision with

which the phase-space parameters are reconstructed: the resolution must

be better than 14% for each parameter. The next Chapter documents the

construction of a precise track fitting routine which uses the measurements

made with the SciFi spectrometers. The precision of the track fitting is

evaluated and compared to the requirement for the success of the emittance

measurement.

5.7.1 Emittance Unfolding

The emittance calculated using Equation 5.3 is affected by detector errors.

The unfolding of the emittance value in MICE has been worked out in

reference [153]. Assuming each measured parameter, m, is affected by errors,

δ, the true parameter value, w, is

wi = mi + δi. (5.5)

Using this expression to expand the true covariance matrix in terms of

measurements and errors, one finds that the true covariance, Vtrue, is related

to the measured on, Vmeas, through the covariance matrices:

Cij = cov(δi, δj) (5.6)

and

Rij = cov(wi, δj). (5.7)

The final relation between measured and true covariance matrix is

Vtrue = Vmeas − R− RT − C. (5.8)

Finding the correction matrices 5.6and ?? requires running the Monte Carlo

simulation with a setup that replicates the one in which the measurements
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are made. The formulas here shown, extracted from [153], will be used in

the next Chapter.

5.8 Summary

The MICE collaboration which aims at making precise measurement of emit-

tance change in a portion of a Neutrino Factory cooling channel relies on the

SciFi spectrometers placed before and after the cooling section to make pre-

cise measurements of the position and transverse momentum of the muons,

which will yield a measurement of the 4D emittance ε(x, px, y, py). The track

fitting routines must render a precision better than 14% on each parameter.

This is so that the desired resolution in the emittance (1%) is compatible

with the emittance change expected in the cooling channel (10%).
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6 Track Fitting with the MICE

Scintillating Fibre Trackers

Track fitting consists in characterising the position and momentum of the

particles which left signal in a detector. In High Energy Physics, this is

typically a task which must be as precise as possible as the physics results

depend on it. To satisfy this purpose, the Kalman filter technique is applied

to the measurements made with the SciFi spectrometers. The method was

introduced by Kalman in his 1960 seminal paper [154] and then widespread

in high energy physics after Frühwirth’s [155] and Billoir’s [156] publications

in the 80s. This Chapter documents the implementation of the technique

taking into account the SciFi spectrometers specifics. The results obtained

using Monte Carlo simulation of the detectors are also shown.

6.1 Track Fitting Generics

Decades of expertise have been accumulated on pattern recognition and

track fitting techniques in High Energy Physics. The building blocks for

a tracking algorithm are: a track model which describes the path of the

particle in the detector, a measurement equation which relates the (x, y)

coordinate in the detector volume with the corresponding detector measure-

ment (α), the resolution of the measurements (σα) and, finally, an accurate

description of the geometry of the detector. When it comes to discussing

the options for the track fitting method, the argument is usually about the

benefits of the Kalman Filter when compared to the Global Least Squares

Method (LSM) [157]. The LSM minimises a χ2 of the form

χ2 =
N∑
i=1

(
αi − hi(a)

σα

)2

(6.1)
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where the numerator is the difference between measurement i, and the ex-

pected measurement hi(a), assuming a set of fit parameters (a). Therefore,

the resulting best-fit track corresponds to an unscattered prolongation of

the same set of parameters across the whole detector - see Figure 6.1. In

matrix notation the χ2 can be written:

χ2 = rTV−1r; (6.2)

where r is the residual vector and V is the measurement covariance matrix

assumed to be diagonal. The Kalman Filter, on the other hand, is a re-

cursive algorithm in which the track parameters are free to change, to some

degree, at each point the particle being tracked finds some material. This

is because multiple Coulomb scattering (MCS) and energy loss add noise to

the otherwise deterministic track model which defines the trajectory of the

particle. In the absence of process noise, the Kalman Filter is equivalent to

the global least squares fit.

Although the foundations of the Kalman Filter formalism assume that

the process and measurement errors are Gaussian random variables, it can

be shown that the Kalman Filter is still the best linear estimator if these

assumptions are dropped [158]. The validity of the Gaussian assumptions

will have an impact on the χ2 of the fit, as will be discussed in a later section

of this Chapter.

Traditionally, the track fitting routine is preceded by a track finding al-

gorithm which associates collections of hits which are likely to belong to the

same track. There are, however, a few instances where algorithms have been

designed to perform track finding and track fitting simultaneously using the

Kalman Filter. This might be desirable, for instance, in collider experi-

ments where the track fitting starts from the outward layers and propagates

towards the inner layers where the hit density is higher. In this case, the

outer hits are used to build an estimate of the track parameters which, ex-

trapolated to the inner region, can suggest which hits belong to the track.

Besides grouping the measurements that are likely to form the same track,

the track finding algorithm provides also an initial estimate of the track

parameters. The Global Least Squares Method is a suitable option for this

purpose. In the following stage, the track fitting algorithm, employing the

Kalman Filter, produces the optimal estimate of the track parameters. In
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Global Least Squares Fit Kalman Filter

Figure 6.1: Illustration of the difference between the Global Least Squares
fit and the Kalman Filter for the fitted parameters. The same set
of points is shown on the left and right hand side. On the left,
the Global Least Squares fit finds a unique set of parameters
which minimises the residuals over the whole track. On the
right, the Kalman Filter finds the best set of parameters at each
measurement point. Multiple scattering changes the momentum
direction, which means the arc line is broken at each interaction
point. The Kalman Filter finds the optimal fit in the sense
that the residuals are minimal and the position resolution is
determined only by the measurement resolution.

this setup, the track finding routine must have a broad acceptance and the

track candidate constructed is ultimately kept or rejected by a goodness-of-

fit test performed by the track fitting routine.

Summarising, the goals of the track fitting routine are to compute the best

estimate of the track parameters and to produce a confidence test which

confirms the hypothesis that the measurements put together represent a

particle’s trajectory. In order to compute this test statistic, a covariance

matrix must be associated to each fitted point. In the following sections,
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it will be shown how these goals are met by a Kalman Filter, while keep-

ing tracking routines numerically stable and robust against error estimates.

The final track parameters are optimal at the plane nearest to the cooling

channel, to be used in emittance studies and also optimal at the opposite

end of the detector, for extrapolation to other MICE detectors.

6.2 Geometry Layout

The SciFi trackers are laid out in a forward geometry (in contrast with cyl-

indrical geometry of collider detectors), with fixed z planes of scintillating

fibres. The measurements in these planes must be used to find the optimal

estimation of position and momentum for the MICE muons before and after

the cooling channel. In each tracker, the stations are numbered from 1 to

5, with the first station placed closest to the cooling channel. The symmet-

ric layout of the tracker stations is shown in Figure 6.2. Each station is

composed of three layers of scintillating fibre making an angle of 120◦ with

respect to the others. The magnetic field in each detector points towards

the cooling channel and has 4 T magnitude.

Following the symmetry of the detector arrangement, the muons crossing

the spectrometers are reconstructed using a “detector-local” reference frame

which is mirrored around the cooling channel. For each of the two detectors,

the reference frame is centred at the plane closest to the cooling channel,

with the positive z axis pointing down the detector and the y axis pointing

vertically upwards.
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Cooling
channel

Figure 6.2: Schematic representation of the placement of the SciFi spectro-
meter stations with respect to the cooling channel. The reference
frame adopted for the track fit in each detector is also shown.
The magnetic field in each detector is parallel to the axis and
has the direction of the increasing z. Each station contains three
fibre planes.

6.3 Track Parameters and Track Model

Each track is characterised by a set of parameters which are allowed to

change along the propagation through the detector. This parametrisation

contains information about the position (x, y, z) and momentum (px, py, pz)

of the particle. In this work, the parametrisation chosen consists of the

5-dimensional state vector:

a =


x

px

y

py

κ ≡ Q/pz

 ; (6.3)

where Q is the charge of the particle. The rule to extrapolate the state

vector along the detector length is a fundamental ingredient in the track

fitting routine and it is usually referred to as the track model. Typically,

the state vector is chosen such that the correlation between elements is

minimised. The track fitting set up is prepared to handle both helical and

straight trajectories.
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6.3.1 Helical Trajectories

If the solenoidal field inside the tracker volume is set, the particles describe

helical trajectories from which the transverse momentum components can

be determined. The projection of the helical path on the xy plane renders

a circle of radius R which is related to the transverse momentum of the

particle pt by:

pt = cBQR (6.4)

where B is the magnitude of the magnetic field, Q is the charge of the

particle and c ≈ 0.299 MeV/cT−1mm−1. The magnetic field in the tracker

volume is expected to be uniform (4 T) and aligned with the axis of the de-

tector which we defined as the z direction (revisit Figure 6.2). The distance

between planes, ∆z, is constrained to fixed, well known, distances and the

turning angle between measurements, ∆θ, depends on these. ∆θ can be

calculated using the ratio between longitudinal and transverse momentum:

∆z

R∆θ
=
pz
pt

; (6.5)

from which:

∆θ =
pt∆z

Rpz
(6.6)

=
cBQR∆z

Rpz
(6.7)

=
u∆z

pz
, (6.8)

where u ≡ cBQ. The charge of the particle defines the sense of rotation: for

positive charged particles ∆θ < 0 so the rotation is counterclockwise (see

Figure 6.3).

The helical trajectory of the muons follows the system of parametric equa-
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Q > 0

x

y

Figure 6.3: Some of the track parameters for the helical fit. For positively
charged particles, the rotation is counterclockwise. The station
frame, which corresponds to the boundary of the active volume
of the detector planes is represented only as a reference.

tions:

x′ = x+
px
pt
R sin ∆θ − py

pt
R(1− cos ∆θ) (6.9)

y′ = y +
py
pt
R sin ∆θ +

px
pt
R(1− cos ∆θ) (6.10)

z′ = z + ∆z (6.11)

p′x = px cos ∆θ − py sin ∆θ (6.12)

p′y = py cos ∆θ + px sin ∆θ (6.13)

p′z = pz; (6.14)
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from which we can write the evolution of the state vector, noting that

R/pt = 1/u:

a′ =



x′

p′x

y′k

p′y

κ′



=



x+ px
u sin ∆θ − py

u (1− cos ∆θ)

px cos ∆θ − py sin ∆θ

y +
py
u sin ∆θ + px

u (1− cos ∆θ)

py cos ∆θ + px sin ∆θ

κ



(6.15)

where we also defined κ = Q/pz. The equations of motion for the helical

trajectories are non-linear and, as a consequence, the Kalman Filter can

not be applied in its standard form. The variation used is known as the

Extended Kalman Filter. The particularities of both are discussed in Section

7.5.

6.3.2 Straight Trajectories

It is desirable to be able to fit tracks in the absence of magnetic field.

In this case, the momentum can not be determined, only the gradients

mx = px/pz and my = py/pz. The state vector used in this case is simply

a = [x,mx, y,my]
T.

The equations of motion for the straight trajectories are trivial. They

can be interpreted as a particular case of the equations for the helical mo-

tion. Using the small angles approximation (sin ∆θ ≈ ∆θ, cos ∆θ ≈ 1) and
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∆θ/u = ∆z/pz we can write:

a′ =



x′

m′x

y′

m′y


=



x+mx∆z

mx

y +my∆z

my


. (6.16)

In the absence of process noise (MCS and energy loss), the track gradients

remain unchanged. The capability of fitting straight lines will be useful for

test runs and alignment verifications. It is also practical for track fitting

studies as it can be used to check several detector and material assumptions

while using a simpler, linear, track model.

6.4 Measurement Equation

Each (x, y) point in a detector plane corresponds to a fibre channel meas-

urement – see Figure 6.4. In the track fitting formalism, the measurement

is represented by a vector, m = [α], which in this case is unidimensional.

The measurement equation transforms the track-parameter vector into the

measurement vector:

h(a) = m = [α]. (6.17)

The transformation depends on the direction of each fibre plane, d =

(dx, dy, 0). For any point P = (x, y, z), the perpendicular distance d⊥ to

the central channel is the modulus of the cross product:

d⊥ = |d×P| (6.18)

= ydx − xdy(mm). (6.19)

Using the channel width, w, this corresponds to a channel distance:

α =
d⊥
w

=
ydx − xdy

w
. (6.20)
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It is desirable to be able to write the transformation 6.17 in matrix notation:

h(a) = Ha. (6.21)

Using 6.20, we can write

H =
[
−dy/w 0 dx/w 0 0

]
. (6.22)

The error associated with the measurement is stored in the measurement

covariance matrix:

V = [σ2
α]; (6.23)

where σα = w/
√

12 is the variance of the channel measurement, given that

the probability of measuring α is uniform over the channel width w = 1.

This uniformity is in conflict with the assumption of Gaussian errors.

The matrices H and V will be used in the Kalman Filter. The consid-

erations made so far deserve several remarks. First, it is worth pointing

out that the raw channel measurements are used in the fit, rather than

spacepoints constructed from these. The construction of spacepoints can

represent both the loss of information and addition of bias to the position

estimation. Secondly, one could consider that the measurement vector is in

fact two-dimensional, with a second coordinate ω being added. This would

be a measurement in the direction of the fibre plane and the uncertainty in

each measurement would correspond to the total length of the channel hit.

The measurement error in this coordinate is very large and can lead to di-

vergence of the filter. By not adding this coordinate, we are approximating

that ω does not add information to the filter.
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Figure 6.4: The plane measurements correspond to scintillating fibre chan-
nel, α, which is the number of channels measured from the cen-
ter. α > 0 towards the right and increasing negative from the
left.

6.5 Kalman Fitting Routines

Some of the tools necessary for the task of track fitting have already been

introduced: the geometry definition, the track model, the measurement

equation and the estimation of the measurement resolution. In this section

we explore how these are employed by the Kalman Filter to deliver an op-

timal estimation of the track parameters. The stages of the Kalman filtering

are standard and these paragraphs are meant to provide only an overview of

the process for completeness. The superscript/subscript notation followed

in this text is the same as in Frühwirth’s [155]. The matrices (capital roman

letters) and vectors (lower case bold) are tagged with superscript and sub-

script indices that run over the discrete measurement sites k = 0, 1, 2, ..., 15

for events where all detector planes yield a measurement.
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Initialisation

Being a recursive algorithm, the Kalman filter requires an estimate of the

initial values to be fitted. At the initialisation stage, an initial state vector

(a) and covariance matrix (C) are defined for the first measurement plane.

The covariance matrix is constructed under the assumption that the initial

errors are uncorrelated, so it is assumed to be diagonal. The initial position

estimate, (x, y), is taken from the spacepoint formed in that station; the

variance associated to it is the spacepoint resolution. The other components

of the state vector are as found by the Pattern Recognition and the variance

associated to them is randomly large (Cii = 1000), giving them little weight

in the following steps of the filter, so that the final result isn’t biased towards

the initial values.

Some caution is necessary at this stage: if the covariance matrix is initial-

ised with values too large, the early steps of the calculation might diverge.

It can be shown that for the estimation error remains bounded if the initial

estimation error and the measurement error are small enough [159].

After the first guess of state vector and its covariance is built, a meas-

urement is added. The track is then extrapolated to the next measurement

plane where a new measurement is added and this two-step sequence is re-

peated until all measurements are used. The step in which a measurement

is added into the fit is known as the filtering stage.

Filtering

The filtered matrices and vectors are written with a subscript denoting the

site k where they are constructed. For example, the measurement vector at

site k is mk and the filtered state vector at the same site is ak. The filtered

estimates are the result of combining the measurement information with

the projected estimations. The projected vectors and matrices are written

with two indices, a superscript denoting the site extrapolated from and a

subscript denoting the site extrapolated to. Using these conventions, the

filtered state is written as:

ak = ak−1
k + Kk

(
mk −Hka

k−1
k

)
. (6.24)

The term in parenthesis is easy to interpret: it is the difference between

the measurement vector registered at site k and an expected measurement

112



at that site computed using the H matrix. This difference is known as

the measurement pull. It is used to update the projected state estimation,

ak−1
k , using a weight matrix, the Kalman Gain, Kk. The Kalman Gain

is computed from the error matrices for the measurement (V) and for the

projected state (C):

Kk = Ck−1
k HT

k

(
Vk + HkC

k−1
k HT

k

)−1
. (6.25)

The covariance matrix is also updated, according to:

Ck = (I−KkHk) Ck−1
k . (6.26)

In practice, the Kalman Gain defines how strong the pull towards the meas-

urement is. For example, if the measurements are very precise and the

confidence on the state estimation is small (large values in the covariance

matrix) then the pull towards the measurement will be strong. This is

the case at the first steps of the filter. Once enough measurements have

been accumulated, the track extrapolation errors become comparable to

the measurement error.

Extrapolation

After the addition of the measurement at a given site (k − 1), the track is

extrapolated to the following measurement plane (site k) by following the

deterministic equations of motion:

ak−1
k = f(ak−1). (6.27)

The extrapolation requires the propagation not only of the state vector

but also the covariance matrix associated with it. For that purpose, the

propagator matrix, which is is the Jacobian of the track model is built.

In the simple case where the track model is analytic, the Jacobian is also

analytic:

Fk−1 =
∂akk
∂ak−1

k

. (6.28)

In the case of straight-track fitting, one can write the predicted state vector

as:

ak−1
k = Fk−1ak−1. (6.29)
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For helical motion, the non-linearity of the equations of motion on the track

parameters requires another approach, a variant of the basic Kalman Filter.

In this method, the state vector is extrapolated using equation 6.27 directly

and the matrix F is then calculated using a Taylor expansion about the

local values of the state vector. This is the Extended Kalman Filter, which

linearises about the current estimate at each measurement point.

In both the standard and Extended Kalman Filter cases, the covariance

matrix is propagated taking into account the process noise. For minimum

ionising particles, this consists of multiple Coulomb scattering (MCS) and

energy loss (for higher energy particles, effects such as Bremsstrahlung might

need to be taken into account). The projected covariance matrix is:

Ck−1
k = Fk−1Ck−1FT

k−1 + Q;k−1 (6.30)

where Qk−1 is the multiple scattering covariance matrix. The multiple scat-

tering affects the direction of the track in both planes perpendicular to the

incoming particle’s direction independently. This is a white noise process,

the expected mean values are zero and the variance (θMCS) is given by the

Highland Formula [160]:

θMCS =
13.6

βcp
Z

√
L

L0
[1 + 0.038 ln(L/L0).] (6.31)

The multiple scattering angle distribution has non-Gaussian tails but the

central distribution fits a Gaussian very well and can be accurately described

by the Highland formula. Taking the momentum vector p = (px, py, pz) and

the position vector x = (x, y, z), the multiple scattering covariance matrix

is calculated as [161]:

Q = θ2
MCS

[
p2 ∂a

∂p
P
∂a

∂p

T

+
pl

2

∂a

∂p
P
∂a

∂x

T

+
pl

2

∂a

∂x
P
∂a

∂p

T

+
l3

3

∂a

∂x
P
∂a

∂x

T]
,

(6.32)

where an auxiliary matrix P = I3×3 − p̂p̂T is used and l is the thickness of

the material being transversed. Approximating 6.32 to the first term only

is the thin layer approach; this approximation will not be made and the

full calculation is performed when taking into account the length of air or

scintillating fibre that is crossed.

The energy loss due to ionization is taken into account by subtracting
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the average energy loss from the particle’s momentum, according to the

Bethe-Bloch formula:

∆p =

∫ l

0

dp

dx
dx =

∫ l

0

1

β

dE

dx
dx ≈ 1

β

dE

dx
l; (6.33)

where the approximation consists of assuming that the velocity and stopping

power of the muon are constant over the length of a fibre plane. The dE/dx

is calculated using the formula and constants found in the Particle Data

Group [162]:

−dE
dx

= Kz2Z

A

1

β2

[
1

2
ln

2m2
ec

2β2γ2Tmax
I2

− β2 − δ(βγ)

2

]
. (6.34)

The direction of the fit is important: if the extrapolations follow the real

direction of the propagation of the particle, it is said that the filter follows

the energy loss and the correction to the energy corresponds to the small

decrements of Equation 6.34; if the opposite direction is followed, then the

energy correction corresponds to small increments. In this work, it was

chosen to have the propagation follow the energy loss in the upstream de-

tector and the opposite direction downstream so that in both detectors, the

last site extrapolated to is the plane closest to the cooling channel.

The estimation of the system noise is an important step in the filtering

process, as it affects the pull of the track parameters towards the measure-

ments. While the MCS correction follows a stochastic model, which allows

for some randomness, the energy loss is a deterministic correction, where the

exact amount of momentum loss at each scattering layer is fully determined

by the muon’s momentum and the layer material.

Not all planes need to contain a measurement. If a plain lacks a measure-

ment, the track is extrapolated through, taking into account the scattering

error and the energy loss.

Smoothing

In the absence of stochastic noise the filtering stage renders the optimal

estimate of the state vector for all sites. Otherwise, the filtered estimation

at site k is more precise than the filtered estimate at site k − n because it

integrates information of n more measurements. In order to propagate all

measurement information to the first measurement site, the smoothing stage

115



reverts the direction of the filter, it back propagates all measurement inform-

ation. The fundamental element for this task is the back-transportation

matrix:

Ak = CkF
T
k (Ck

k+1)−1; (6.35)

from which the smoothed state vectors are calculated as:

ank = ak + Ak(a
n
k+1 − akk+1); (6.36)

and the covariance matrices as:

Cn
k = Ck + Ak(C

n
k+1 − Ck

k+1)AT
k . (6.37)

The smoothing stage ends the Kalman Filter routines.

6.6 Treatment of Detector Misalignments

Detector misalignments have an impact on the estimation of the track re-

siduals and therefore must be taken into account. The complete integration

of the misalignment information into the Kalman Filter not only handles

the correction of the projected x and y values into the misaligned plane but

also takes into account the precision of the misalignment estimation.

The addition of detector misalignments affects only the filtering stage. If

an estimation of the misalignment values exists, s = [∆x,∆y,∆z = 0]T, it

is taken into account in the measurement equation:

h(a) = Ha + H′s (6.38)

where H′ converts the misalignment estimation into channel space in a

manner similar to H in the filtering process for the state vector (see ref-

erence [163] for more details). This update to the measurement equation

changes the measurement pull in Equation 6.24. The weight of the pull

(Equation 6.25) is also changed by the uncertainties in the estimation of

the misalignments, stored in the covariance matrix S:

Kk = Ck−1
k HT

k

(
Vk + HkC

k−1
k HT

k + H′kSkH
′T
k

)−1
; (6.39)

where the last term in parenthesis is the difference with respect to the
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Kalman Gain introduced previously (Equation 6.25).

6.7 Goodness of Fit

For each fitted track, a figure of merit or test statistic evaluating the good-

ness of fit is computed. For a track made of N measurements, this corres-

ponds to:

χ2
track =

N∑
k=1

χ2
k; (6.40)

where the χ2
k are computed from the residuals at each measurement:

χ2
k = rTk R−1

k rk. (6.41)

The residual rk is computed from the filtered state vector:

rk = mk −Hkak; (6.42)

and the covariance matrix of the residuals is:

Rk = Vk −HkCkH
T
k . (6.43)

In contrast with Equation 6.2, the χ2 introduced takes into account correl-

ations in the measurement predictions. The multiple scattering introduces

correlations between the measurements because a deviation of the trajectory

in a plane affects the residuals in all planes that follow.

The number of degrees of freedom (ndf) in the fit is equal to the number of

measurements (ideally 15) minus the number of parameters to be estimated

(5). To some extent, the χ2 distribution itself can already be used for testing

the track fitting model: the mean must be equal to the expected ndf and

the variance equal to 2ndf .

The final goodness of fit test arises from the calculation of the probability

value P (χ2, ndf) associated to each track. This is the probability of ob-

serving a χ2 as extreme or more than the one measured, admitting the null

hypothesis is true, which in this case is the assumption that the measure-

ments put together represent a particle’s trajectory in the uniform solenoidal

field. Very high residuals will correspond to low p-values and in practice

a threshold Pmin is set on the minimum p-value acceptable. Typically,
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Pmin = 0.05, and this can be used as a selection criteria for the acceptance

of events for physics analysis. If all assumptions made during the track fit

are valid, the p-value is uniformly distributed when the track candidates

correspond to a real tracks. The failure of the Gaussian assumptions leads

to a χ2 which is not exactly χ2 distributed and a p-value distribution not

completely flat.

It is worth noting that the correction of misalignments is important as

these affect the residuals. For a misaligned detector, the χ2 does not follow

a χ2-distribution.
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Figure 6.5: χ2 and p-value of helical tracks fitted in the detectors upstream
and downstream from the cooling channel. The peak near zero
doesn’t necessary mean that the fitted track is bad, it rather sug-
gest the failure of the Gaussian assumptions made throughout
the construction of the filter.
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6.8 Resolution on the Track Parameters

The resolution on the track parameters is fundamental for the 4D emittance

analysis which uses the position estimations (x, y) and the momentum com-

ponents (px, py). In this section, the resolutions on these parameters are

estimated using Monte Carlo simulation.

For each parameter i = 1, ..., 5 in the state vector, the residual

∆ai = afiti − aMC
i (6.44)

is used to estimate the resolution of the fit – Figure 6.6. The histograms

are obtained from the simulation of muon beams generated with emittance

values uniformly distributed in the interval [0.5, 9.5]π mm, which is repres-

entative of the emittance expected in the experiment. All central values are

compatible with zero. The performance for fitting all transverse paramet-

ers, being that position or momentum, is very satisfactory. The residuals on

the longitudinal momentum, however, show non-zero means. This limited

precision on the longitudinal momentum is expected and it is one of the

reasons why there are TOF detectors in the MICE beam line – the other

one being particle identification.

It is also convenient to histogram the normalised residual:

∆aNi =
∆ai

Cfitii

, (6.45)

where Cfitii is the fit error. These distributions are shown in Figure 6.7. The

normalised residuals are expected to be Gaussian distributed, with mean

zero and variance equal to one. The distributions obtained are compatible

with this expectation.

Finally, the resolution of the fit is estimated using a sample of muons

generated with an emittance of 4.5 mm rad. The resolution is calculated

as the fraction of the residual on the parameter over the beam RMS on

the same parameter – see Figure 6.8. The resolutions obtained are better

than required for the success of the experiment (14%) and they represent

an improvement of 40 − 50% comparatively to previous versions of the re-

construction [151]. The values obtained are also listed in Table 6.1.

The dependance of the resolution on the momentum of the fitted particle
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Figure 6.6: Pull on the track parameters. For the transverse position
and momentum parameters, the distributions are well fitted
by a Gaussian from which we can extract the fit resolution
(∼ 0.31 mm for position variables, ∼ 1 MeV/c for transverse mo-
mentum). The performance for fitting longitudinal momentum
is not as good, in particular because the values estimated are
biased. Precision on this parameter will require integration of
information from the TOF detectors.

is shown in Figure 6.9.
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Figure 6.7: Normalised residual for the track parameters. A Gaussian is
fitted to each distribution. A standard normal result (mean
zero, variance one) means all assumptions in the fit are correct.
Small deviations from this are expected.

Table 6.1: Track fit resolution on the track parameters. These are computed
from Figure 6.8.

Parameter Resolution Relative Resolution (%)

x 0.3 mm 1.1

y 0.3 mm 1.1

px 0.6 MeV/c 4.3

py 0.6 MeV/c 4.3
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Figure 6.8: Residuals for track parameters, computed as the difference
between the reconstructed and the true values. The RMS value
of the beam distribution for each parameter is also shown and
used to calculate the percentual resolution which is the fraction
of the residual RMS over the beam RMS.
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Figure 6.9: Dependance of the transverse and longitudinal momentum resol-
ution on the true momentum. The sample used contains muons
generated with emittance in the interval [0.5, 9.5] πmm.
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6.9 Emittance Resolution

Using the precise reconstruction of the track parameters, the emittance of

the muon beam transversing the SciFi detectors can be calculated. In this

section, the accuracy of that measurement is analysed. Using Equation 5.3,

the 4D emittance can be calculated with precision, using the SciFi meas-

urements alone. The histograms shown in Figure 6.10 result from the simu-

lation of a muon beam with emittance 4.5πmm. The percentual emittance

resolution is computed as:

εres =
εrecon − εMC

εMC
× 100; (6.46)

where each emittance value is calculated using ensembles of two thousand

particles. This resolution is biased due to reconstruction effects (Figure 6.10,

top). By generating correction matrices from an independent sample of

muons with the same emittance, the resolution found when applying a cor-

rection, computed using Equation 5.8, is shown in Figure 6.10, bottom.
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Figure 6.10: Reconstructed emittance before unfolding (top) and after un-
folding (bottom). The emittance values after correction are
unbiased and the resolution is ∼ 0.1%.

6.10 Conclusion

In this Chapter, a Kalman Filter capable of handling straight and helical

tracks travelling across the MICE SciFi spectrometers was developed. The

high resolution on the track parameters was demonstrated and it is better

than the minimum required for the success of the experiment. The fitting

routine can handle multiple scattering, energy loss, detector misalignments

and it provides a confidence test for the quality of the fitted track. The

emittance resolution achievable is 0.1%.

The robustness against the failure of the Gaussian assumptions could be
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improved by using a Gaussian Sum Filter [164]. In this approach, the prob-

ability distribution functions of the measurement and multiple scattering

errors is better approximated by a sum of gaussians; the fit would be re-

peated for each gaussian and the final result would be a weighted sum of all

fits.

Using the SciFi spectrometers alone, high precision in position and trans-

verse momentum are achievable. This leads to a high precision measure-

ment of the 4D emittance. In order to achieve the same precision in the

6D emittance, TOF information which will add precision to the longitud-

inal momentum needs to be added. The standard approach to achieve this

would consist of adding the TOF measurement planes to the Kalman fit.

However, this approach might introduce issues related to the extrapolation

of the covariance matrix over such large distances as the separation between

the TOF and the SciFi spectrometers, through a beam line with magnetic

fields and for which the transport equations might be non-trivial. In a

minimalistic approach, information can be added and potential problems

avoided by simply improving the pz estimation at the start of the fit with

the TOF measurements.
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7 Summary and Conclusions

Constraining cross section and beam systematic uncertainties will be es-

sential for the discovery of CP violation in the neutrino sector and the

determination of the neutrino mass hierarchy. This thesis comprises work

related with both the production of neutrino beams and the measurement

of neutrino-nucleus cross sections.

The MICE collaboration is due to demonstrate ionization cooling in the

near future thereby allowing the performance of the Neutrino Factory cool-

ing channel to be estimated with confidence. The precise tracking of muons

in the MICE lattice will benefit from the Kalman Filter developed in this

work which performs better than the requirement for the success of the ex-

periment: the resolution achieved is 1.1% for position coordinates and 4.3%

for transverse momentum components.

The measurement of the cross sections for CC coherent pion production

in the ArgoNeuT detector, using a very limited exposure, is a demonstration

of the capabilities of the liquid argon technique. This is the first time this

interaction has been measured in a liquid argon detector and the first time it

has been measured using an automated analysis. The cross sections meas-

ured were 2.6+1.2
−1.0(stat)+0.3

−0.4(syst) × 10−38cm2/Ar for neutrinos at a mean

energy of 9.6 GeV and 5.5+2.6
−2.1(stat)+0.6

−0.7(syst)×10−39cm2/Ar for antineutri-

nos at a mean energy of 3.6 GeV. These results are in good agreement with

the Rein-Sehgal model.
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