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Abstract

The discovery of neutrino oscillations has opened the door to searches for matter-
antimatter asymmetries in the lepton sector. Current accelerator-based long-
baseline neutrino oscillation experiments, like T2K and NOνA, probing this phe-
nomenon are moving into the realm of high statistics but systematically limited
measurements. As a result work in reducing the dominant uncertainties in neut-
rino oscillations has become crucial in developing our understanding of leptonic
CP Violation.

One of the dominant uncertainties lies in our understanding of neutrino-
nucleus interactions. These affect our ability to determine the selection efficien-
cies for the respective signal and backgrounds, and the reconstruction of the
neutrino energy spectra. This is due to our limited knowledge of nuclear effects
and has renewed interest in neutrino-nucleus scattering measurements.

This thesis presents work on a novel method of isolating nuclear effects which
can be applied to isolate interactions on hydrogen. Using Double Transverse Mo-
mentum — a kinematic imbalance of the final state hadronic system transverse to
the neutrino direction and muon momentum plane, phenomenological studies
are performed into its ability to probe nuclear effects.

We assess the feasibility of isolating neutrino-interactions on hydrogen in
composite nuclear targets using the T2K near detector, ND280. This work is
extended on to the MINERνA Experiment where work is undertaken in order
to understand the heavy nuclear background. The first differential δpTT cross
section measurement for final states containing at least one proton and π0 using
the MINERνA detector is reported.
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Chapter 1

Neutrinos: From hypothesis to

discovery

In a time where much of the western world was lit by candlelight, an accidental

discovery made by Henri Becquerel opened the door to a field that today is

known as Particle Physics. During his experimental searches in 1896 into un-

derstanding phosphorescence he discovered radioactivity [1]. Unbeknown to

him at the time he also began a quest in trying to understand perhaps the most

mysterious particle known to man – the neutrino.

The neutrino’s queer behaviour started to present itself when James Chad-

wick was measuring the energy spectra of electrons in beta decay [2]. Unlike

other forms of radioactivity being measured at the time, electrons produced

from beta decay had a continuous energy spectrum [3]. An early explanation

of this phenomenon and preferred by Neils Bohr was that beta decay violated

conservation of energy. This was later rebutted by Wolfgang Pauli in his letter

to Lise Meitner and the participants of a radioactivity conference in Tubingen,

1930 [4].

Pauli postulated that a new, neutral spin-half particle may exist with negli-

gible mass compared to the proton. He also suggested that, given the lack of

1



CHAPTER 1. NEUTRINOS: FROM HYPOTHESIS TO DISCOVERY 2

observation at the time, it should interact weakly with matter [5]. Building on

these properties, Enrico Fermi published his theory of weak interactions in 1934

to describe β-decay [6]. Fermi later coined the neutral little the neutrino.

It was not until 1953 when this ghostly particle began to present itself. Ini-

tial results presented by Reines and Cowan provided evidence of the neutrino’s

existence albeit tentative [7]. After a further four years of research, the two fi-

nally published confirmation of the electron anti-neutrino’s existence [8]. Details

of how they discovered the ν̄e is presented in Section 1.1 and in Section 1.2 the

hypothesis and observation of two more generations of neutrino is reviewed.

So what makes neutrinos so strange? At this point the only apparent dif-

ference between neutrinos and other forms of matter is their low interaction

probability. The neutrinos most peculiar feature lies in a phenomenon known

as neutrino oscillations and took almost four decades to resolve. Shortly after

the little neutral one’s discovery, measurements of neutrinos originating from

the sun by Ray Davis indicated large discrepancies between experimental res-

ults and Standard Solar Model predictions [9, 10]. The Standard Solar Model

provides as a theoretical framework of the nuclear interactions in the core of the

sun. Davis’ studies seemed to indicate a deficit in the number of observed neut-

rinos compared to what was expected from various Solar Models. This became

known as the ‘solar neutrino problem’.

The nature of the solar neutrino problem was finally solved through work

undertaken by Super-Kamiokande in 1998 and SNO in 2002 of the discovery of

neutrino oscillations [11,12]. Their Nobel Prize winning work found that neutri-

nos transform from one generation to another due to mass differences. This im-

plied that neutrinos have mass albeit small – something contradictory to Fermi’s

massless neutrino hypothesis and that of the Standard Model of Particle Physics.

Today efforts are now working to probe deeper into this oscillatory phenomenon

as it may provide an insight into the origins of the matter-antimatter asymmetry
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observed in the universe. This is discussed in Section 1.3.

One such effect which is crucial in understanding the oscillatory phenomenon

of neutrinos and forms the basis of this thesis, is in improving our knowledge of

neutrino interactions with matter. We shall see later in Section 1.3 that studying

neutrino oscillations is dependent on measuring the event rates and energies of

detected neutrinos. These need to be constrained in order to probe any matter-

antimatter asymmetry or CP Violation in neutrinos. Neutrino interactions will

therefore be introduced in Chapter 2 before moving on to describing a means

of probing one of the dominant uncertainties in neutrino oscillations, namely

nuclear effects, in Chapter 3. The reader will then be introduced to the experi-

ments used in this work in Chapter 4 and the respective analyses in Chapter 5

for T2K and Chapters 6-8 for MINERνA.

1.1 The Cowan and Reines Experiment

Brought on by World War Two, research into exploiting the vast amount of en-

ergy trapped inside the nucleus led to Cowan and Reines being able to discover

the neutrino. Given the weak interaction strength predicted by Fermi, an intense

source of neutrinos would be required. To do this Cowan and Reines exploited

the Fission processes occuring inside reactors. By searching for the reaction

ν̄e + p→ n + e+, (1.1)

the two devised a means of identifying the interaction via the coincidence of

electron-positron annihilation followed shortly after by neutron capture. The

experiment used a water based Cadmium-Chloride (CdCl2) solution which was

surrounded by two liquid scintillators as shown figure Figure 1.1. The two used

the scintillators to first identify two 511 keV photons produced in the annihilation

process, then as the neutron is captured by Cd, a few micro-seconds later a
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Figure 1.1: A schematic of the experimental set-up used by Cowan and Reines
to detect ν̄e neutrinos. Source [4].

second burst of photons are detected from the de-excitation of Cd.

Cowan and Reines initial measurement in 1953 at the US based Hanford

reactor lead to the observation of a vague signal. This however suffered from a

large cosmic ray background due to poor shielding and there was insubstantial

evidence to reliably say neutrinos had been observed. Undeterred, in 1956 the

two repeated their measurement using 14 times more scintillator (4200 litres)

placed at the Savannah River reactor. This reactor provided better shielding

from cosmic rays as the detector could be placed underground. In order to

improve the signal to background separation they also refined their experimental

technique by using a more segmented configuration resulting in the first cross

section measurement of

σ̄ = (11.0± 2.6)× 10−44 cm2. (1.2)

This measurement taken from [8] agreed with Fermi’s V-A theory leading to the

discovery of the electron anti-neutrino.
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1.2 Two More Flavours

Like the electron, the muon and tau were discovered before their neutral coun-

terparts. The muon was discovered in 1936 and subsequent measurements of its

properties implied that two neutrinos must be present in muon decay.

This observation was made when considering the branching ratio

ρ =
R(µ→ e + γ)

R(µ→ e + ν + ν̄)
, (1.3)

for muon decay which was expected to have a value of order 10−4 unless neut-

rinos associated with muons are different from those associated to electrons.

In February 1962 the branching ratio was measured to be ≤ 10−8 implying a

second, muon-like neutrino might exist [13]. Just five months later experimental

evidence of the muon neutrino, νµ, was observed by a team lead by L. Lederman,

M. Schwartz and J. Steinberger (see later in this chapter) [14].

By this point a pattern was emerging, for each electron-like particle or charged

lepton there existed an associated neutral equivalent. This led to many asking

whether more pairs of leptons existed and if so how many. The idea of charge-

neutral lepton pairs was incorporated into a theoretical framework which ex-

panded on Fermi’s four-point model [15]. This not only said that leptons are

produced in pairs but that the weak interaction is prescribed via three force

carrying mediators, namely, the W± and Z0 bosons. During the development

of this theory another even heavier charged lepton was discovered, the tau, at

SLAC, an e+e− collider in 1975 [16]. It took another 25 years before its associated

neutrino was discovered at Fermilab in 2000.

So how many pairs of leptons? This question was answered by the ALEPH,

DELPHI, L3 and OPAL experiments based at CERN’s LEP e+e− collider. They

studied properties of the Z0-boson resonance measuring both the total decay

width and partial decay widths into charged fermions. This information was
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Fig. 1.13. Measurements of the hadron production cross-section around the Z resonance. The curves indicate the predicted cross-section for two,
three and four neutrino species with SM couplings and negligible mass.

Assuming that the only invisible Z decays are to neutrinos coupling according to SM expectations, the number of
light neutrino generations, N!, can then be determined by comparing the measured R0

inv with the SM prediction for
"!!/"ℓℓ:

R0
inv = N!

(
"!!

"ℓℓ

)

SM
. (1.50)

The strong dependence of the hadronic peak cross-section on N! is illustrated in Fig. 1.13. The precision ultimately
achieved in these measurements allows tight limits to be placed on the possible contribution of any invisible Z decays
originating from sources other than the three known light neutrino species.

1.5.3. Asymmetry and polarisation
Additional observables are introduced to describe the cos # dependent terms in Eq. (1.34) as well as effects related

to the helicities of the fermions in either the initial or final state. These observables quantify the parity violation of
the neutral current, and therefore differentiate the vector- and axial-vector couplings of the Z. Their measurement
determines sin2 #f

eff .
Since the right- and left-handed couplings of the Z to fermions are unequal, Z bosons can be expected to exhibit a net

polarisation along the beam axis even when the colliding electrons and positrons which produce them are unpolarised.
Similarly, when such a polarised Z decays, parity non-conservation implies not only that the resulting fermions will
have net helicity, but that their angular distribution will also be forward–backward asymmetric.

When measuring the properties of the Z boson, the energy-dependent interference between the Z and the purely
vector coupling of the photon must also be taken into account. This interference leads to an additional asymmetry
component which changes sign across the Z-pole.

Considering the Z exchange diagrams and real couplings only,2 to simplify the discussion, the differential cross-
sections specific to each initial- and final-state fermion helicity are:

d$Ll

dcos#
∝ g2

Leg
2
Lf(1 + cos#)2, (1.51)

d$Rr

dcos#
∝ g2

Reg
2
Rf(1 + cos#)2, (1.52)

2 As in the previous section, the effects of radiative corrections, and mass effects, including the imaginary parts of couplings, are taken into
account in the analysis. They, as well as the small differences between helicity and chirality, are neglected here to allow a clearer view of the helicity
structure. It is likewise assumed that the magnitude of the beam polarisation is equal in the two helicity states.

Figure 1.2: Combined measurements of the hadron production cross-section near
the Z0 mass using data from ALEPH, DELPHI, L3 and OPAL. The Standard
Model prediction is overlaid for a two, three and four neutrino flavour hypo-
thesis. Source [17].

used to compare the total decay width with the partial decay widths in order

to measure the ‘invisible’ decay width. The ‘invisible’ width was then used

to determine the number of light neutrinos by assuming lepton universality.

From Figure 1.2, the number of light neutrinos whose mass are less then mZ0/2

was found to be 2.9840 ± 0.0082 [17], placing a limit on the number of neutri-

nos to be three.

1.2.1 First Muon Neutrino Observation

L. Lederman, M. Schwartz, J. Steinberger and collaborators built an experiment

to test the hypothesis that if only one type of neutrino existed then, when neut-

rinos interact with nucleons, they should produce just as many electrons as

muons. If on the other hand two distinct types of neutrino exist, for a beam

of neutrinos produced via the decay, π± → µ± + ν/ν̄, no electrons should be

observed.
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(a) Accelarator and absorber complex used to pro-
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by B, C and D.

Figure 1.3: Experimental set-up used to discover muon neutrinos at
Brookhaven’s AGS. Source [14].

To test these hypotheses they produced an intense beam of neutrinos by col-

liding 15 GeV protons onto a beryllium target which produced predominantly

charged pions. These pions would decay leaving muons and neutrinos travelling

towards the direction of the detector. In order to reduce backgrounds arising in

the neutrino production process a 13.5 metre thick steel absorber was placed 3

metres downstream of the target as shown in Figure 1.3a. This helped to remove

charged particles, specifically muons, entering the detector complex.

The group searched for both neutrino and anti-neutrino interactions of the

form

ν + n→ p + e−, ν̄ + p→ n + e+,

ν + n→ p + µ−, ν̄ + p→ n + µ+.

To do this they used a spark chamber as seen in Figure 1.3b to detect neutrino in-

teractions. This was formed using an array of ten one-ton modules; each made

from nine aluminium 2.54 cm thick, 1.12 × 1.12 m2 sheets separated by 1.9 cm

plastic spacers. Every module contained high-pressure spark gaps which ionise
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a gas as charged particles traverse through the detector.

A number of trigger systems were used to capture neutrino interactions

within the detector by a camera. The trigger arrangement presented in Fig-

ure 1.3b firstly contained trigger counters downstream of each module to identify

possible candidate interactions within a module. These were used in conjunction

with anti-coincidence triggers to enable background-like events originating out-

side of the detector to be vetoed. The backgrounds consisted of remnant beam

candidates as well as cosmic rays.

The experiment observed 113 events which were classified into four samples.

The first contained 49 single short tracks whose visible momentum was less than

300 MeV/c. The second, a single muon sample consisted of 34 events where

the track had more than 300 MeV/c and no more than two extraneous sparks.

Twenty-two vertex events formed the third sample characterised by having more

than one track originating from a single point. Finally, the fourth sample, named

‘showers’ saw 8 events whose structure was too irregular to be muon-like but

more typical of electron interactions.

The final analysis rejected two samples in the discovery of the muon neutrino.

These were the short tracks and vertex events. The former was ignored as they

were believed to be low energy neutrino events or backgrounds which could not

have their lepton type well determined. The vertex events were not used because

they were believed to be dominated by backgrounds and not reliable due to large

uncertainties in the knowledge of other scattering processes.

The remaining samples were further refined. The shower sample had events

whose visible momentum was less than 300 MeV/c removed in order to en-

sure that each sample’s kinematics were the same. Additional analysis of the

single muon events identified five cosmic rays within the sample. This lead to 29

muon-like events and 6 electron-like events in the final analysis. The latter were

found to be a result of beam contamination proving that neutrinos produced
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with muons are distinct from those produced with electrons. This was the first

observation of the muon neutrino. Later results made by various experiments at

CERN confirmed L. Lederman, M. Schwartz and J. Steinberger’s measurement

and awarded them the 1988 Nobel Prize for the discovery [18, 19].

1.2.2 Discovery of the Tau Neutrino

It was not until the millennium when the DONuT Experiment discovered the

tau neutrino [20]. The main purpose of this experiment was to study ντ induced

charged-current events of the form

ντ + N → τ− + X, ν̄τ + N → τ+ + X.

It also recorded interactions produced from all neutrino flavours [21]. Like in

the discovery of the νµ and much of what will be discussed in this thesis it relied

upon an accelerator to produce the neutrino beam. The large mass of the tau

(1.777 GeV/c2 [22]) required the accelerated beam to be much more energetic

in order to produce a non-negligable ντ component. The collaboration there-

fore used 800 GeV protons accelerated by the Tevatron that impinged on a solid

tungsten alloy target. This produced a hadron shower which then went on to

decay into predominantly νe and νµ neutrinos. There was however a small (3%)

ντ component which originated from the decay of charm mesons.

The detector was located 36 metres downstream of the tungsten target and

relied on a number of different detector technologies to identify ντ-like candid-

ates. A schematic of the DONuT detector is presented in Figure 1.4. The key

component used to distinguish ντ-like events from other neutrino induced pro-

cesses was the emulsion target. This had the precision required to observe the

signature left by the short lifetime of a τ± lepton. It worked very much like pho-
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Figure 1.4: Schematic overview of the DONuT experiment identifying each sub-
detector along with shielding. Source [23].

tographic film in that film is sensitive to the exposure of light whereas emulsions

are sensitive to the exposure of charged particles. Note that they also required

their own process of being ‘developed’ in order to make the images stable after

exposure to the neutrino beam.

The DONuT Experiment’s emulsion target comprised of four modules each

with tracking scintillating planes placed downstream of the module. Each mod-

ule was 7 cm thick equivalent to 2-3 radiation lengths providing it with good

granularity along the neutrino beam. The scintillator planes were used to identify

where in the emulsion module the vertex position lied [24].

The emulsion target was used to search for τ leptons as the only charged

lepton created at an interaction vertex. This signature was identified by a kinked

track as it was consistent with two vertices; the first being the interaction vertex

and the second the τ decay vertex. The two vertices had to be located within

2 mm of each other [21]. Using this signal definition for ντ events of the 203
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neutrino interactions analysed they found evidence of four tau neutrinos [20].

These candidates were consistent with the Standard Model prediction leading to

the discovery of the missing neutrino.

1.3 Neutrino Oscillations

Earlier we introduced the idea that neutrino oscillations are able to account for

the deficit in the ‘solar neutrino problem’. We shall now review the theory asso-

ciated to describing this phenomenon before summarising some of the current

and future results. However, prior to this it is useful to know how together res-

ults by Super-Kamiokande and SNO were able to attribute the neutrino deficit

to neutrino oscillations.

Davis first found the solar neutrino anomaly in his experiment when he tried

to measure the β+ decay of 8B. Here he searched for νe through νe +Cl→ e−+Ar

interactions. The results placed an upper bound on the solar νe flux two to three

times smaller than the Standard Solar Model’s prediction [25]. This deficiency

in the solar νe flux was supported by various other measurements [26–28].

The SNO Experiment’s approach to measuring the solar 8B flux was to focus

on measuring two processes. Like Davis, they considered the νe flux whose

signal in their heavy water based Cherenkov detector was the charged-current

elastic process

νe + d→ p + p + e−. (1.4)

In addition to the νe flux they also worked to measure the total solar flux which

would allow them to probe the flux independent of neutrino flavour. This was

achieved by considering the neutral-current interaction

ν` + e− → ν` + e−. (1.5)

The flavour independent channel yielded the first solar neutrino flux measure-
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ment that was in agreement with the Standard Solar Model [12]. This in con-

junction with the elastic scattering flux give strong evidence that neutrinos did

indeed transform from electron-type to muon and tau-type. The measured flux

ratio was found to be 0.301 ± 0.033.

What was the phenomenon behind this transformation process? This was

answered by the Super-Kamiokande Collaboration which considered neutrinos

produced in the upper atmosphere by cosmic ray interactions. The experiment,

based 1 km underground measured the atmospheric νµ flux with good energy

and directional reconstruction. They used these reconstruction quantities to test

the following hypothesis: if neutrinos starting out as one flavour travel different

distances before being detected will the event rate or probability be the same

irrespective of the distance travelled? This is direct evidence for neutrino oscil-

lations.

The Super-Kamiokande Experiment tested this hypothesis by comparing

upward-going with downward-going neutrinos. Neutrinos produced in the at-

mosphere above Super-Kamiokande travel between 15-500 km before reaching

the detector whereas neutrinos entering the detector from below have to travel

through the Earth at a distance of around 500-12,000 km. This provides numer-

ous distances or baselines that the neutrinos have to travel before being detected.

From here they could then measure energy and directional information to calcu-

late the L/Eν ratio (which as we will see later is sensitive to neutrino oscillations).

They observed the expected number of νes from all directions and νµs travelling

downward but a deficit in the number of νµ neutrinos travelling upward. This

was consistent with νµs transforming into ντs and in 1998 lead to the discovery

of neutrino oscillations [11].
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1.3.1 The Theory of Neutrino Transformation

Now that we have understood the evidence for neutrino oscillations, we shall

move on to how this phenomenon implies that neutrinos have a non-zero mass.

As we have seen in charged-current weak lepton interactions neutrinos only

couple to their respective charged flavour counterpart. This implies that the

propagation eigenstates must be distinct from their interaction or flavour eigen-

states. For neutrinos to be massive but only interact in definite flavour eigen-

states then the flavour eigenstate, ν`, must be a superposition of its propagation

or mass eigenstates, νi. The flavour state, ν`, can therefore be written as

|ν`〉 =
N

∑
i

U∗`i|νi〉. (1.6)

Here U`i are elements of the N×N lepton mixing matrix relating the mass to the

flavour eigenstates. The number of flavours N is usually three. Standard Model

weak interaction requires the mixing matrix to be unitary in order to preserve

the lepton pairing – electron-type neutrinos only couple to electrons.

Before discussing the structure of this matrix further we shall outline how

the states evolve as it will enable us to appreciate how mass differences dictate

neutrino oscillations. To do this one must first understand how the flavour state

evolves with time. This is dictated by the time evolution of the mass eigenstates

which propagate as

|νi(t)〉 = e−ipi·xi |νi(0)〉, (1.7)

where pi and xi are the mass eigenstate’s momentum and position four-vectors.

Together these can be written in the lab frame as, pi · xi = Eit− |pi|L. Here the

mass state is observed to travel a distance L over a time t with three-momentum

pi. In the ultra-relativistic limit, m2
i � E2

i , and knowing that neutrinos have a
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small mass, the momentum can be written as

|pi| = (E2
i −m2

i )
1/2 ' Ei −

m2
i

2Ei
. (1.8)

This leads to pi · xi taking the form

pi · xi ' E(t− L) +
m2

i L
2E

, (1.9)

if we assume that, for an initial flavour eigenstate, ν`, the mass states νi have

the same energy, E1. From here it is possible to write the time evolution of the

flavour eigenstate as

|ν`(t)〉 = e−iE(t−L)
N

∑
i

U∗`ie
−im2

i L
2E |νi(0)〉. (1.10)

This can be used to determine the probability of a neutrino starting in one def-

inite flavour eigenstate being observed some distance later in another definite

flavour eigenstate. Note that nothing was said about the time here, even though

a time dependent component exists. This is because the term is common to

all flavour states and cancels when determining transition probabilities. For a

neutrino starting in one flavour eigenstate, α, which is observed to be in another

flavour eigenstate, β, at some distance L, the transition probability is

P(α→ β) =
∣∣〈νβ(t)|να〉

∣∣2 =

∣∣∣∣∣ N

∑
i

U∗αiUβi exp

(
−i

m2
i L

2E

)∣∣∣∣∣
2

. (1.11)

The general form of this can be written in terms of its real an imaginary parts

1Note that even without such an assumption between the energy of the mass eigenstates a full
quantum mechanical treatment in terms of waves packets shows that the oscillation formalism
is essentially unchanged.
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highlighting where the mass differences, ∆m2
ij = m2

i −m2
j occur

P(α→ β) = δαβ − 4 ∑
i>j

Re
(

U∗αiUβiUαjU∗βj

)
sin2

(
∆m2

ijL

4E

)
(1.12)

+ 2 ∑
i>j

Im
(

U∗αiUβiUαjU∗βj

)
sin

(
∆m2

ijL

2E

)
. (1.13)

Here we see the L/Eν ratio used by Super-Kamiokande to prove that neutri-

nos transform from one flavour to another. Hence if the masses are zero then

neutrinos would not exhibit any oscillatory feature.

The PMNS Matrix and CP Violation

The composition of a flavour state into its associated mass eigenstates is de-

scribed by the PMNS matrix. PMNS are the first letters of the theorists, Ponte-

corvo, Maki, Nakagawa and Sakata, who developed the idea of neutrino mix-

ing in the late sixties [29]. Their work not only outlined how neutrinos may

have mass, as we have previously outlined, but also that if there exist at least

three generations of neutrino then neutrinos may behave differently from anti-

neutrinos. For a set of three flavour and three mass eigenstates their matrix

reads

U =


Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3

 ,

=


1 0 0

0 c23 s23

0 −s23 c23


︸ ︷︷ ︸

Atmospheric


c13 0 s13e−iδCP

0 1 0

−s23eiδCP 0 c13


︸ ︷︷ ︸

Cross-mixing


c23 s23 0

−s23 c23 0

0 0 1


︸ ︷︷ ︸

Solar


eiα1/2 0 0

0 eiα2/2 0

0 0 1


︸ ︷︷ ︸

Majorana

,

(1.14)
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where cij = cos θij and sij = sin θij. There are a total of six free parameters

that need to be experimentally measured: the three mixing angles, θ12, θ23 and

θ13, and three complex phases, namely, δCP , which dictates the strength of Dirac

CP violation and finally α1 and α2 whose size determines the amount of Major-

ana CP violation.

In Equation 1.14, the first and third matrices are those which dominate in

atmospheric and solar neutrino oscillations. The final, Majorana term, is only

physical if neutrinos are their own anti-particle. If this is indeed found to be

true and the complex Majorana terms are non-zero it will not change oscillation

results as they are diagonal in the PMNS matrix.

The second term, named the cross-term is currently the main topic of in-

terest to the experimental community. This is due to the complex Dirac CP vi-

olating term which if non-zero implies that neutrinos behave differently from

anti-neutrinos as P(α→ β) 6= P(ᾱ→ β̄) under CP transformation.

The NuFit collaboration [30] have performed a global analysis using results

from various neutrino oscillation experiments. They use results from solar, re-

actor and accelerator based experiments to determine the best fit parameters of

the mass differences and those in the PMNS matrix. Their fit results have been

summarised in Table 1.1. Note that they present fit results for both normal and

inverted hierarchy. The hierarchy refers to the ordering of the mass eigenstates

and is only partially known experimentally. The masses of the first and second

mass eigenstates, m1 and m2 have been measured to be m1 < m2. Therefore,

the hierarchy is said to be normal ordered if m1 < m2 < m3 and inverted if

m3 < m1 < m2.

1.3.2 Matter Effects

Up until now, we have only discussed neutrinos propagating in a vacuum but we

have already seen that many of the neutrino sources used to study neutrino os-
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Ordering

Parameter Normal Inverted

θ12 (◦) 33.62+0.78
−0.76

θ23 (◦) 47.2+1.9
−3.9 48.1+1.4

−1.9

θ13 (◦) 8.54+0.15
−0.15 8.58+0.14

−0.14

δCP (◦) 234+43
−31 278+26

−29

∆m2
21 (10−5eV2) 7.40+0.21

−0.20

∆m2
3j (10−3eV2) +2.494+0.033

−0.031 +2.465+0.032
−0.031

Table 1.1: The January 2018 NuFIT global fit results for neutrino oscillations
parameters. The j in ∆m2

3j represents 1 in the normal ordered case and 2 for
inverted hierarchy. Source [30].
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Figure 1.1: Feynman diagrams to illustrate matter e↵ects in neutrino interactions. All neu-
trino flavours can undergo the neutral-current scattering (right) but only electron neutrinos
can undergo charged-current scattering and still leave a neutrino in the final state (left).

sensitive to the square of the neutrino mass splitting, matter e↵ects are sensitive to the

signs of the mass splittings. Exploiting this in solar neutrino observations has allowed the

determination that ⌫2 is greater than ⌫1, but it is not yet known whether ⌫3 is the heaviest

(a ‘normal neutrino mass hierarchy’) or the lightest (an ‘inverted neutrino mass hierarchy’).

Whether the neutrino mass hierarchy is normal or inverted is one of the most prominent

unanswered questions in neutrino physics and the answer is expected to play a crucial role

in determining the full particle physics model that explains neutrino masses and mixing. It

may be possible for future neutrino oscillation experiments to utilise matter e↵ects within

the Earth to resolve the mass hierarchy.

Another important implication of matter e↵ects in neutrino oscillations is that their

impact is di↵erent for neutrinos and antineutrinos (since the CC interaction shown in

figure 1.1 is not available to antineutrinos). This can lead to a measured CP violation

P (⌫↵ ! ⌫�) 6= P (⌫↵ ! ⌫�) which does not tell us anything interesting about matter-

antimatter asymmetry at a fundamental level. It is therefore very important to account

for matter e↵ects when attempting to determine �CP to identify genuine neutrino-sector CP

violation.

1.3 Modern long baseline neutrino oscillation experi-

ments

As demonstrated in equation 1.7, the probability of neutrinos having oscillated away from

their original flavour state depends on their energy and distance travelled. Modern accelerator-

based long baseline neutrino oscillation experiments, such as T2K [26] and NO⌫A [27], exploit

this by utilising a proton accelerator to produce a - predominantly muon - neutrino beam

spread over a few GeV neutrino energy and observe the change in the flavour composition of

Figure 1.5: Feynman diagrams representing the Matter Effects associated to
νe only via charged-current interactions (left) and those affecting all neutrinos via
neutral-current interactions (right).

cillations in fact propagate through matter. For example, solar neutrinos which

are produced in the core of the Sun, have to pass through the Sun’s interior be-

fore being measured on Earth. Similarly, atmospheric measurements performed

by Super-Kamiokande probe neutrinos passing through the Earth.

Neutrinos travelling within a medium actually interact with the medium and

can have a significant effect on neutrino oscillation physics. Two processes that

describe this phenomenon are presented in Figure 1.5. These are charged-current
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electron-νe scattering and neutral-current neutrino scattering. Given that neutral-

current processes are flavour independent they therefore interact with all types

of neutrino equally. As a result, this process does not affect neutrino oscillations.

The charged-current process is however flavour specific acting only on νe which

in turn will affect the mass eigenstates according to their νe component. Hence

as neutrinos propagate through a medium as mass eigenstates which themselves

are composed of flavour eigenstates the oscillation probability will change.

Matter effects are not only different for neutrino flavours but also anti-neutrinos.

Hence when trying to measure CP violation, if matter effects are not correctly

accounted for they may lead to an incorrect determination of the δCP phase. This

effect comes from the fact that charged-current electron-νe scattering is different

from that of electron-ν̄e scattering.

Can matter effects help us learn more about neutrino oscillations? In short,

yes, the oscillation probability in matter is sensitive to the sign of the mass split-

ting ∆mij unlike those that propagate in a vacuum. This is what enabled the

KamLAND Experiment to determine that m2 is greater than m1 when measur-

ing reactor neutrinos [31]. As we have seen, the full ordering of the masses

still needs to be determined. It is hoped that future accelerator-based neutrino-

oscillation experiments will be able to measure the ordering by exploiting matter

effects present as neutrinos travel through the earth.

1.3.3 Future Measurements

NuFit [30] provides global constraints on the various parameters associated to

neutrino oscillations by combining information from numerous experiments.

However, these fits, although useful, are unable to fully account for correlations

and common systematics among the experiments. For example, when account-

ing for detector response effects, many experiments use the same simulation to

model how particle trajectories propagate inside the detector. The simulation has
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an inherent uncertainty which, when combined to produce a global result, often

lead to incorrectly estimated uncertainties. The long-term goal is therefore to try

to extract these parameters directly from the data of the combined experiments,

incorporating a common systematic approach directly in the fitting procedure.

This is currently being investigated by T2K and NOνA who are working towards

the first joint oscillation measurement.

Experimentally all the oscillation parameters have been measured with the

exception of the mass hierarchy and δCP , which until recently has been excluded

from being CP conserving to a 90% confidence level [32]. This is now the fo-

cus of current [33, 34] and future [35, 36] accelerator-based neutrino-oscillation

experiments. Experiments actively pursuing δCP measurements are the Japanese

based, T2K Experiment, which we shall learn more about in Chapter 4, and the

US’s NOνA experiment at Fermilab. Although this wasn’t initially the goal of

either experiment, the fact that Daya Bay [37] found θ13 to be large has made

probing δCP possible. If we refer back to the cross-mixing term in Equation 1.14,

we see that the δCP phase is coupled to sin θ13 hence θ13’s large value ‘amplifies’

any term it’s associated with.

Measurements of δCP by both T2K and NOνA have however shown that

accelerator-based oscillation experiments are moving into the realm of systemat-

ically limited results. The dominant uncertainties are a result of our understand-

ing of the neutrino flux and interaction cross section. Details of the flux and its

associated uncertainty are given in Chapter 4.

The cross section uncertainty lies on our limited knowledge of how neutri-

nos interact with matter. This is due to the complex dynamics of the nucleus

affecting the kinematics and particle content of the final state measured by scat-

tering experiments. In accelerator-based neutrino-oscillation experiments these

are used to evaluate the selection efficiencies of the respective signal and back-

grounds, and in the reconstruction of the neutrino’s energy. This can be seen
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when considering the predicted event rate of some variable, x, at a distant, L,

from which the neutrinos are produced

N(x) =
∫

dEνΦ(Eν)σ(Eν)P(α→ β)ε(Eν)S(Eν, x). (1.15)

The neutrino flux produced by the source is denoted by Φ(Eν), the interaction

cross section σ(Eν) and the oscillation probability P(α → β). The final two

terms, ε(Eν) and S(Eν, x), account for the detector’s efficiency and smearing

effects. Given that oscillation parameters are encompassed in P(α → β) it is

therefore crucial to understand the flux and cross-section of neutrinos along

with the detector response. This is supported by studies from DUNE, a future

long-baseline neutrino experiment, which have assessed the sensitivity to the

CP violating phase. Their work shown in Figure 1.6, presents the uncertainty

in δCP as a function of exposure. Comparisons of the case for no systematics

to those with systematics highlights the importance of reducing uncertainties in

N(x), namely, those associated to the flux and cross section.
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Chapter 2

Neutrino-nucleus Interactions

In the previous chapter we discovered that our ability to probe any leptonic

CP Violation is restricted by our current knowledge of neutrino interactions.

This limited understanding is also highlighted by a number of ambiguities betw-

een experimental scattering results and their theoretical predictions. In order to

overcome these issues both the experimental and theoretical communities have

joined forces to improve our understanding of neutrino interactions. We shall

therefore use this chapter to learn of both community’s developments in this

field.

In this chapter we begin with an overview of the neutrino interactions at

the ‘bare’ neutrino-nucleon level. From here, the discussion will move onto

the effects of neutrino interactions on nucleons bound within the nucleus. This

will highlight the complexities in understanding neutrino scattering. We will

then see how the various neutrino-nucleon interactions and nuclear effects are

combined and implemented into a simulation. These simulations are used to

make predictions for both neutrino interaction and oscillation experiments. This

chapter concludes with additional effects that propagate through to oscillation

measurements due to our limited understanding of neutrino interactions.

22
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2.1 Neutrino-nucleon Interactions

Neutrino interactions are dictated by the V-A Weak interaction where the me-

diating boson may either carry charge (defined as charged-current or CC) or be

neutral (defined as neutral-current or NC). Charged-current and NC processes

occur over a broad neutrino energy range with different types of interaction

dominating in certain regions. This can be seen in Figure 2.1 where the leading

neutrino interactions are presented as a function of neutrino energy. Note that

the cross section is normalised by the inverse neutrino energy and highlights

the dominant interaction mode at a given energy. The processes defined in Fig-

ure 2.1 will be introduced in more detail momentarily along with sub-dominant

diffractive processes. Given neutrino oscillations concern themselves with meas-

uring differences between flavour abundances we shall only consider charged

current neutrino interactions in this chapter.

General neutrino scattering theory considers the interaction cross-section wh-

ose dependence on some variable x is proportional to two terms, namely, the4.5 Neutrino Scattering 79

Figure 4-8. Existing muon neutrino (left) and antineutrino (right) charged-current cross section measure-
ments [51] and predictions [109] as a function of neutrino energy. The contributing processes in this energy
region include quasi-elastic (QE) scattering, resonance production (RES), and deep inelastic scattering (DIS).
The error bars in the intermediate energy range reflect the uncertainties in these cross sections (typically
10 � 40%, depending on the channel).

Neutrino cross section uncertainties are already becoming a limiting factor in the determination of neutrino
oscillation parameters in many experiments. Understanding the underlying neutrino processes directly a↵ects
how well one can separate signal from background. Furthermore, experiments using heavier nuclear targets
to increase their signal yields have to deal with the presence of significant nuclear e↵ects impacting both
the interaction cross sections and final state topologies. Such nuclear e↵ects also impact one’s ability to
reconstruct the incoming neutrino energy, a key parameter in the determination of neutrino oscillation
parameters. Uncertainties in both the neutrino interaction cross sections and associated nuclear e↵ects must
be understood to maximize the sensitivity of an experiment to neutrino oscillations. Of course, depending on
the detector, the scientific question being asked, and the oscillation parameters, di↵erent cross section uncer-
tainties can have di↵erent levels of importance. For example, careful control of neutrino/antineutrino cross
section di↵erences will be particularly important in establishing CP violation in the neutrino sector [110].
In fact, if |Ue3| is large, such systematic uncertainties become even more important because the expected
neutrino/antineutrino asymmetry becomes increasingly smaller for larger |Ue3|.

Interest in neutrino interaction physics has recently surged due, in large part, to the demand for accurately
predicting signal and background rates in such neutrino oscillation searches. Despite the presence of existing
measurements from past experiments (which were pioneering at the time), these data sets are decades old,
were not collected on the type of targets relevant for modern oscillation experiments, and generally are not of
the precision needed for neutrino oscillation physics. Taking advantage of new intense sources of neutrinos,
modern experiments have begun to remeasure these neutrino interaction cross sections, most importantly on
nuclear targets relevant to the neutrino oscillation program. This includes programs at the ArgoNeuT [111],
K2K [112, 113, 114, 115, 116], MINER⌫A [117], MiniBooNE [118, 119, 120, 121, 122, 123, 124, 125, 126, 127],
MINOS [128, 129, 130, 131], NOMAD [132, 133, 134, 135], and SciBooNE [136, 137, 138, 139] experiments.
One of several intriguing results from these new data comes from recent measurements of quasi-elastic (QE)
scattering. QE scattering is a simple reaction historically thought to have a well-known cross section; this
is one reason why it is chosen as the signal channel in many neutrino oscillation experiments. Interestingly,
the QE cross section recently measured on carbon at low energy is about 30% higher than the most widely
used predictions [140] and is even larger than the free nucleon scattering cross section in some energy
regions [123]. This is surprising because nuclear e↵ects have always been expected to reduce the cross

Fundamental Physics at the Intensity Frontier

Figure 2.1: The inverse-energy normalised neutrino cross-section dependence
as a function of incoming muon neutrino energy for νµ (left) and ν̄µ (right). The
data presented is from SKAT and various bubble chamber experiments [39]. NU-
ANCE’s [40] total cross section prediction is overlaid along with its simulation
of individual interaction modes. NUANCE is a legacy neutrino interaction sim-
ulation package used between 2000-2010. Source [41].
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where neutrinos scatter from both bound nucleons within a nucleus and nucleon-constituent

quarks. Building accurate models in this non-perturbative regime is a di�cult task [31]. Current

interaction models are pieced together from constituent, non-interfering free-nucleon interaction

channels, to which additions and corrections are made to account for the e�ects of scattering

o� bound nucleons.

1.3.1 Interactions with free nucleons

Interactions with free nucleons are broadly split into three channels, quasi-elastic scattering

(QE), Single Pion Production (SPP), and Deep Inelastic Scattering (DIS). Example diagrams

for the three processes are shown in Figure 1.4. The predicted total charged-current cross sec-

tions as a function of neutrino energy for each interaction type, as predicted by the NuWro [32]

neutrino interaction simulation, are presented in Figure 1.5.

Charged-current quasi-elastic scattering (CCQE) from free nucleons is often modelled in the

Lewellyn Smith formalism [33]. This channel has historically been regarded as the ‘golden’

interaction channel because it is possible to calculate the initial neutrino energy using just the

Figure 2.2: Charged-current Quasi-elastic Scattering Feynman diagram.

leptonic, Lαβ, and hadronic, Hαβ, tensors

dσ

dx
∝ LαβHαβ. (2.1)

The lepton component is common to all interactions whereas the hadronic term

defines the type of the interaction produced. In part, some of the terms in the

hadronic tensor are constrained from data on electron scattering. This takes ad-

vantage of the unification of the electromagnetic and weak interaction providing

information on the vector component of the electo-weak theory. As we shall see,

however much of the uncertainty still lies in the hadronic term.

2.1.1 Quasi Elastic

The Charged-Current Quasi-Elastic process or CCQE dominates in the low neut-

rino energy region, starting from the rest mass energy of the neutrinos charged

lepton counterpart to around 1.5 GeV. The Feynman diagram for this interaction

is presented in Figure 2.2 and consists of an incoming neutrino exchanging a

W±-boson with a nucleon, N. The resultant final state contains a single charged

lepton and a nucleon, N’, with different isospin and charge to the initial nucleon.

For neutrinos and anti-neutrinos the interactions are as follows

ν` + n→ `− + p, ν̄` + p→ `+ + n. (2.2)
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In this energy regime the W± propagator interacts with the initial state nuc-

leon as a whole and not individual quarks. As such the nucleon’s dynamics

must be modelled to include all quark contributions. However, due to the com-

plicated nature of the strong interaction this cannot yet be solved analytically.

One approach however is to calculate the cross section using form-factors that

characterise the charge distribution of the nucleon. This was implemented in the

Lleywellyn-Smith model. They developed a parametrisation which could rely

on measurements from β-decay and electron scattering data. Their formalism

reduced the number of degrees of freedom needed to be determined by neut-

rino scattering experiments [42]. In their model they determined the form factors

from the charge distribution, ρ(r) = ρ0e−Mr, leading to a form factor of the form

FX(Q2) ∝
1(

1− Q2

M2
X

)2 . (2.3)

Here Q2 ≡ −q2, where q2 is the four momentum transfer from the incoming

lepton to the stationary nucleon. The mass term, MX, is distinct for the vector

(X = V) and axial-vector (X = A) components of the weak interaction.

Although the vector component has been well constrained by electron scat-

tering experiments, determining the axial term has become a topic of renewed

interest. Early hydrogen and deuterium experiments found the world average

for MA to be 1.03 GeV [43], yet measurements on heavy nuclei did not agree

with this value. For example, the MiniBooNE experiment, using a carbon-based

target found MA to be 1.35 ± 0.17 GeV [44].

MiniBooNE’s measured axial mass was compared to various model predic-

tions and data from other scattering experiments. These comparisons, shown

in Figure 2.3, highlight the disagreement in the value of MA. Here the recon-

structed neutrino energy is presented for MiniBooNE’s sensitive region (top) and

an energy region spanning MiniBooNE, NOMAD and LSND neutrino fluxes
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Figure 2.3: MiniBooNE CCQE measurement compared to NUANCE predic-
tions for neutrino scatters from free nucleons and for carbon with two para-
meter choices for MA. MiniBooNE’s measured energy dependence (top) and the
combined energy dependence for MiniBooNE, NOMAD and LSND (bottom) are
presented. Source [44].

(bottom). From Figure 2.3 (bottom) there is a clear disagreement between data

and prediction; no single model can fully describe CCQE interactions over a

broad energy range. Data from the higher energy NOMAD experiment is well

described by a free-nucleon prediction using the world average axial mass. On

the other hand, the lower energy region below 2 GeV is well described by the

prediction for CCQE interactions on carbon using the reported MiniBooNE MA

value. We shall see later that MiniBooNE’s result indicated a presence of nuclear

effects which were not incorporated into model predictions.

2.1.2 Resonance Production

Bridging the gap between quasi-elastic and deep inelastic scattering lies res-

onance production. This process dominates the energy region spanning 1.5−
6.0 GeV and produces a single pion in addition to a nucleon. The associ-

ated Feynman diagram for this interaction is presented in Figure 2.4 and can
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where neutrinos scatter from both bound nucleons within a nucleus and nucleon-constituent

quarks. Building accurate models in this non-perturbative regime is a di�cult task [31]. Current

interaction models are pieced together from constituent, non-interfering free-nucleon interaction

channels, to which additions and corrections are made to account for the e�ects of scattering

o� bound nucleons.

1.3.1 Interactions with free nucleons

Interactions with free nucleons are broadly split into three channels, quasi-elastic scattering

(QE), Single Pion Production (SPP), and Deep Inelastic Scattering (DIS). Example diagrams

for the three processes are shown in Figure 1.4. The predicted total charged-current cross sec-

tions as a function of neutrino energy for each interaction type, as predicted by the NuWro [32]

neutrino interaction simulation, are presented in Figure 1.5.

Charged-current quasi-elastic scattering (CCQE) from free nucleons is often modelled in the

Lewellyn Smith formalism [33]. This channel has historically been regarded as the ‘golden’

interaction channel because it is possible to calculate the initial neutrino energy using just the

Figure 2.4: Charged-current Resonance Production Feynman diagram.

be broken down into the following interaction modes for neutrinos and anti-

neutrinos

ν` + p→ p + π+︸ ︷︷ ︸
∆++

+`−, ν̄` + p→ p + π−︸ ︷︷ ︸
∆0

+`+,

ν` + n→ p + π0︸ ︷︷ ︸
∆+

+`−, ν̄` + p→ n + π0︸ ︷︷ ︸
∆0

+`+,

ν` + n→ n + π+︸ ︷︷ ︸
∆+

+`−, ν̄` + n→ n + π−︸ ︷︷ ︸
∆−

+`+.

Here interactions produce an intermediate resonance state which subsequently

decays into a baryon-pion final state. Note that only ∆ resonances are presented

here.

Like CCQE interactions, resonance production currently relies on a non-

analytic approach when calculating the cross section. This was first developed

by Rein-Sehgal where they incorporated 18 N and ∆ resonances with a flat non-

resonant background into their calculations [45]. The non-analytic approach is

again used to describe the baryon charge distribution via form-factors and in-

clude an axial normalisation term CA
5 . Note that these form-factors are distinct

from those in CCQE interactions and are often denoted MRES
X .

The choice of baryon resonances was taken up to a pion-nucleon invariant
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mass of 2 GeV as above this limit contributions from deep inelastic scatters

begin to take effect. The region between resonance and deep inelastic scatter-

ing is complicated to calculate. Currently no single model has been developed

to successfully describe the transition from form-factors to parton distribution

functions used in deep inelastic scattering predictions. This leads to different

interaction definitions for neutrino interaction generators.

Experimentally resonance production has been measured on a range of tar-

get nuclei however such measurements are either statistically limited or made

using neutrino beam whose dynamics were not well understood [46–50]. In

some cases, these measurements also include model dependences simply by

their choice of cross section presented. One such case is as a flux averaged

cross section like that performed in Reference [48]. It is therefore crucial for

the experimental community to perform additional measurements using higher

power neutrino beams and a result with reduced model dependencies. We shall

also see later that resonance production is one of the dominant interactions rel-

evant to current and future neutrino oscillation experiments. This only adds to

the importance of understanding resonance production.

2.1.3 Deep Inelastic Scattering

Moving into even higher energies a process called deep inelastic scattering (DIS)

begins to take effect. These scatters begin at neutrino energies of around 1.5 GeV

and dominate above 10 GeV. In this energy regime, the four-momentum transfer

for the W± propagator has a De Broglie wavelength small enough to resolve the

individual quarks as depicted in Figure 2.5. This leads to final states containing

many particles as the struck quark must hadronise as it moves away from the

spectator quarks1.

Deep inelastic processes are reliant on the modelling of two components,

1Spectator quarks are those that are not directly involved in the interaction but form part of
the initial struck nucleon.
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channels, to which additions and corrections are made to account for the e�ects of scattering

o� bound nucleons.

1.3.1 Interactions with free nucleons
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for the three processes are shown in Figure 1.4. The predicted total charged-current cross sec-
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neutrino interaction simulation, are presented in Figure 1.5.
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interaction channel because it is possible to calculate the initial neutrino energy using just the

Figure 2.5: Charged-current Deep Inelastic Scattering Feynman diagram.

namely, the initial and final hadronic state. For the initial state, the probability

of striking a particular quark flavour with some momentum must be determ-

ined. This is reached via the use of parton distribution functions to calculate the

nucleon’s structure. Parton distribution functions are well understood at high

neutrino energies; however, due to the lack of data at lower energies it is un-

clear as to whether they can provide a good description at energies relevant to

neutrino oscillation experiments. Finally, the DIS final state is determined using

a fragmentation model to simulate the hadronisation process. This is typically

modelled using PYTHIA – a QCD Monte Carlo algorithm [51].

2.1.4 Diffractive Scattering

The last interaction to be introduced is diffractive scattering. Here the neut-

rino scatters off of the nucleus as a whole given the low Q2 process is not able to

resolve individual nucleons. This produces a final state consisting of a recoiling

nucleus and a single pion. As a result these are distinct from resonance produc-

tion and DIS as the nuclear isotope remains unchanged pre and post interaction.

There are two types of diffractive charged-current scattering, the first excites the

nucleus and is known as incoherent scattering. The second type, titled coherent
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scattering leaves the nuclear state unchanged. For a nucleus, A, the neutrino and

anti-neutrino interactions are given by

ν` + A→ `− + A(∗) + π+, ν̄` + A→ `− + A(∗) + π−.

Note that the asterisk represents the nucleus, A, being left in an excited state for

the incoherent process only. Given the low Q2 regime in which this interaction

takes place a low event rate is expected for this interaction. As such, work

on the theoretical framework is sparse however popular models include Rein’s

diffractive scattering [52] and coherent pion production by Rein-Sehgal [53, 54]

or Berger-Sehgal [55].

2.2 Nuclear Effects

Having introduced the various neutrino-nucleon interactions we shall now out-

line effects which arise from neutrinos interacting with bound nucleons. Like

in DIS nuclear effects, in general, affect both the initial and final state independ-

ently. Hence let us begin by outlining what effects arise inside the nucleus before

the neutrino interacts followed by the subsequent effect of the final state system

traversing through the nucleus. Although many of these processes are in prin-

ciple common to all interaction types it will become clear later that most are only

implemented into CCQE calculations.

2.2.1 Initial State

Up until now our focus has only been on neutrinos interacting on a static nuc-

leon. However, if the nucleon is bound inside a nucleus the nuclear potential

changes the dynamics of the interaction. The first component arising here is that

of the Fermi motion produced from the potential. This causes the bound nuc-
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Figure 2.6: The Fermi momentum, pF (left) and muon momentum (right) is
shown for different initial state models used in Charge Current Resonance
production on Carbon. NuWro is used with no FSI and a mono-energetic 1
GeV νµ beam.

leons to possess some momentum. Currently four models are used to describe

this phenomenon and all assume the motion to be isotropic. The Fermi motion

models are summarised below and their predicted momentum distributions are

given in Figure 2.6 (left).

• Global Relativistic Fermi Gas (GFG) – This is a simple and commonly used

model which assumes non-interacting nucleons bound by a nuclear po-

tential. The nucleons fill energy levels following Fermi-Dirac statistics up

to a maximum energy equivalent to the Fermi momentum, pF. The max-

imum momentum state, pF,max, results in a cliff-like feature known as a

Fermi cliff which is dependent on the atomic mass, A. This is however not

entirely physical as the nucleon binding energy does not depend on its

position inside the nucleus.

• Bodek-Richie GFG (BR-GFG) – A modified GFG which includes a high-

momentum tail in the pF distribution. This was introduced following the

observation of this feature in electron scattering data.

• Local Fermi Gas (LFG) – This is similar to the GFG interpretation in that it

assumes a set of non-interacting nucleons. The difference here is that the

momentum is now dependent on the position of the nucleon within the
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nucleus. It applies the local density approximation to determine the nuc-

leon’s momentum by considering the nuclear density, ρ(r). Given nuclei

have different atomic masses the momentum varies with A [56]. This is, in

essence, a set of GFG’s determined using pF(r) ∝ ρ(r)1/3. Popular choices

of the parametrisation of ρ(r) are a Gaussian density and a two or three

parameter Saxon-Wood potential [57].

• Spectral Function (SF)/effective SF (eSF) – Possibly the most realistic in-

terpretation as it includes nucleon-nucleon correlations. These models like

GFG and LFG are based on the shell model but include long range modi-

fications arising from two and three nucleon interaction potentials. The

models also incorporate short range correlations to describe the initial state

above the Fermi cliff. Unlike the other initial state models SF may modify

the final state and is therefore dependent on the final state produced. This

has resulted in an effective SF being developed to describe this initial state

model in interactions where SF have not been calculated [58].

Figure 2.6 (right) displays the predicted muon momentum, pµ, given the various

initial state models. The shape is similar in all cases making it hard to discrim-

inate between various models using kinematics like pµ. This indicates that other

variables that are more sensitive to nuclear effects are needed to improve our

understanding of neutrino-nucleus interactions.

The Pauli exclusion principle is also included in the modelling of neutri-

nos interacting with bound nucleons. This process, known as Pauli-blocking,

ensures that the interaction only takes place if the out-going baryon momentum

is greater than pF,max. Hence when the Fermi motion of a struck nucleon, pF,

and three momentum transfer q sum for an event fails |pF + q| < |pF,max| the

resultant interaction is suppressed [56].

Similar to the behaviour modelled by Spectral Functions an additional multi-

nucleon effect has recently been included into cross section calculations. The
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process known as 2p-2h or meson exchange currents (MEC), describes neutri-

nos interacting with two bound nucleons inside a nucleus. In 2p-2h interac-

tions the final state consists of a nucleon-nucleon pair, making it distinct from

CCQE scattering. This was introduced following advances in electron-scattering

measurements which suggested that such multi-nucleon processes exist. It was

believed that 2p-2h may help explain the MiniBooNE CCQE measurement as it

would increase the predicted event rate. This phenomenon was first proposed

by Nieves, Martini and collaborators when presenting an alternative approach

to calculating CCQE scattering. They developed their theory to included ad-

ditional contributions from 1p-1h and 2p-2h processes [59, 60]. Currently this

model is limited to non-resonance final states but is believed to also be present

in resonance production.

The final phenomenon known as Random Phase Approximation (RPA) de-

scribes an effect on the weak propagator. Unlike ‘bare’ neutrino-nucleon inter-

actions where the W± propagator travels in vacuum, the mediator in neutrino-

nucleus scatters must permeate the nuclear medium. This in-medium effect

on the W± boson results in a screening effect causing in a suppression in the

cross-section at low four-momentum transfer. Again this is only modelled in

CCQE interactions and like 2p-2h was also developed by Nieves, Martini and

collaborators. There is however strong evidence for this effect in resonance pro-

duction [61].

Following the theoretical developments of 2p-2h and RPA the combined ef-

fects can be shown to resolve the MiniBooNE discrepancy. This is highlighted

in Figure 2.7 which uses the same dataset as in Figure 2.3 (top) to compare the

additional effects arising from the initial state. Interestingly the np-nh compon-

ent over inflates the prediction relative to the data but RPA suppresses it. The

combined effects of these processes leads to good agreement with MiniBooNE’s

data where a CCQE axial mass of 1.032 GeV is used [59,62]. Note however these
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calculations do not include Final State Interactions which will also change the

predicted event rate.

2.2.2 Final State Interactions

Following the neutrino-nucleon interaction inside the nucleus the final state

travels through the nuclear medium. During this process the final state’s kin-

ematics and particle type can be altered leading to a different observed final

state once the particles have escaped the nucleus. This is known as Final State

Interactions or FSI and predominantly affects the hadronic transport through

the nuclear medium. There are a total of six intra-nuclear processes incorpor-

ated into neutrino-nucleus simulations. Two are particle type dependent with

the remainder being accessible to both pions and nucleons. Below are specific

details of each process where the first four are available to all hadrons.

• Elastic Scattering – As the hadron traverses though the nucleus its kinemat-

ics are changed.

• Inelastic Scattering – Like elastic scattering except the nucleus is left in an

excited state.

• Charge Exchange – A quark is exchanged between hadrons and nucleons
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changing the particle type.

• Pion Production – In-medium interactions produce a pion which escapes

the nucleus.

• Pion Absorption – A pion produced in a neutrino-nucleon interaction is

captured by the nucleus.

• Nucleon Emission – Nucleon-nucleon collisions result in additional nucle-

ons being emitted from the nucleus.

These processes are hard to predict due to difficulties in measuring the indi-

vidual effects as multiple FSI may take place during intra-nuclear transport. It

is further complicated by our inability to reliably distinguish such effects from

the ‘bare’ neutrino-nucleon interaction. This is particularly important to the ex-

perimental community as we cannot reasonably say we are measuring a CCQE

process in neutrino interactions on heavy nuclei. Let us consider a νµ CCQE

process whose outgoing nucleon re-interacts inside the nucleus producing a π+.

Here the final state escaping the nucleus would be a single muon, proton and

π+ which is the signal definition for CC resonance production. Given this an

experimentalist measuring resonance production would include CCQE events in

their signal sample. Fortunately, the experimental community are now focussing

on measuring final state topologies instead of interaction channels.

Although Final State Interactions generally refer to the intra-nuclear trans-

port of hadrons the term may also affect the outgoing lepton. This is due to the

nucleus’ Coulomb potential changing the charged lepton’s kinematics. Reson-

ances produced inside the nucleus are also affected by the nuclear medium. This

effectively narrows the resonance decay width leading to a longer lifetime. The-

oretically it is implemented in a similar manner as Pauli Blocking, requiring the

decayed resonance’s final state nucleon to be above the Fermi momentum, pF,max.

Note these two processes are incorporated into the cross-section calculation.
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2.3 Simulating Neutrino-Nucleus Interactions

If the complex dynamics of neutrino scattering is to be understood experiment-

ally, both neutrino interactions and nuclear effects must be incorporated into

event generators. These Monte Carlo simulations are used by both oscilla-

tion and scattering experiments to predict event rates like those discussed in

Section 1.3.3. We shall therefore briefly outline the general approach used by

GENIE [63], NEUT [64] and NuWro [65] event generators to simulate neut-

rino scattering.

Event generators rely on an input neutrino flux and target nucleus to pro-

duce an interaction. The process starts by randomly selecting an incoming neut-

rino energy for use in determining the ‘bare’ neutrino-nucleon interaction. This

is found by calculating the relative contributions from each interaction type at

the sampled neutrino energy before randomly identifying one as the candidate

scatter. The chosen cross section must then be calculated given inputs like the

incoming neutrino energy, pF and Q2. From here the resultant cross section cal-

culation provides a set of final state particles with kinematics dependent on the

input model. Note that most event generators use precomputed cross-section

look up tables to randomly sample from as this saves both time and comput-

ing power. If the interaction is on a light nucleus the simulation of an event is

complete.

For heavy nuclei, the final phase of the Monte Carlo simulation is to propag-

ate the hadronic system through the nucleus and determine whether any con-

stituents undergo FSI. This starts at the position of the initial state nucleon(s)

involved in the interaction. Each event generator has its own Cascade model

which steps each hadron through the nucleus to determine if it undergoes FSI or

not. The event generators differ substantially in their Cascade model. For ex-

ample, GENIE’s approach is to use a mean free path to determine if particles

undergo FSI whereas NEUT simply assigns a probability of not undergoing FSI.
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Figure 2.8: Various neutrino fluxes are presented for current and future long
baseline neutrino oscillation experiments along with the neutrino cross section’s
energy dependence for the dominant interactions modes. The total cross sec-
tion is also presented. The cross section predictions are produced using the
NuWro event generator. Source [66].

From here both generators then randomly select the FSI type given the kinemat-

ics of the particle. The exact details of the cascade mechanism in each generator

although interesting are beyond the scope of this thesis.

2.4 Neutrino Scattering at Oscillation Experiments

Having understood the processes involved in neutrino interactions it is now use-

ful to consider how these affect oscillation experiments. Let us begin by review-

ing which neutrino interactions dominate the various neutrino fluxes relevant to

current and future long baseline neutrino experiments. This can be seen in Fig-

ure 2.8 which uses NuWro to predict the various neutrino scatters. One can
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immediately see that almost all experiments are sensitive to all neutrino inter-

action modes. Starting from the lowest average Eν, we see both T2K’s near and

far detector flux will produce predominantly QE interactions with small contri-

butions from 2p-2h and resonance processes (SPP in Figure 2.8). As we increase

in energy both the NOνA and DUNE fluxes take lead; here resonance begins

to dominate over QE and a non-negligible DIS component starts to takes hold.

Given our knowledge of how the event rates are predicted in Section 1.3.3, it is

clear that if the δCP phase is to be probed by multiple oscillation experiments all

neutrino interactions must be understood.

Neutrino cross sections also enter into neutrino oscillation uncertainties thro-

ugh neutrino energy reconstruction. We have seen in Section 1.3 that neutrino os-

cillations are dependent on the neutrinos energy. Naturally, conservation of en-

ergy would tell us to simply measure the sum of the final state particle’s energies.

This is the approach used by NOνA, and is known as the calorimetric method

Eν = E` + Ehad, where Ehad = (ECal − E`). (2.4)

Here E` represents the outgoing lepton energy, Ehad the hadronic energy and

ECal the calorimetric energy. The hadronic energy is determined by summing up

all energy deposits that are not associated to the lepton track. This does not how-

ever account for Fermi motion and assumes a static nucleon in the initial state.

Fortunately, Fermi motion merely cause a smearing effect in the reconstructed

energy due to its isotropic nature. Although this broadening effect is dependent

on the initial state model and leads to a model dependency. The added effect of

FSI may also result in energy being missed by the detector. This could be due

to neutral particles being emitted or a particle produced in the nucleus being

absorbed by the nuclear medium.

The determination of the detector response is also dependent on nuclear ef-

fects. Experimentally we are reliant on Monte Carlo simulations to inform us
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tion. Source [67].

on how the reconstructed neutrino energy maps onto the true neutrino energy.

The calorimetric approach therefore depends on having strong knowledge of

nuclear effects. This is actually one of the dominant sources of uncertainty for

NOνA and is highlighted by Figure 2.9. Presented is the calorimetric approach

used for νµ events at NOνA’s near detector. The reconstructed muon energy

looks to be in good agreement with their Monte Carlo prediction but the hadron

and resultant neutrino energy do not fully agree. In their publication they sug-

gest that this is partly attributed to uncertainties in cross section and FSI models.

As a result, these effects lead to some of the largest systematic uncertainties in

their measurement of ∆m2
32 [67].

An alternative method, named the kinematic approach, is often used by ex-

periments that do not have sensitivity to the hadronic final state. The T2K ex-

periment, given its far detector design, was designed to apply this method and

resulted in the development of a flux that would predominantly induce QE inter-

actions. Like the calorimetric approach the initial nucleon is assumed to be static

leading to a similar smearing effect in the reconstructed energy. By applying

this static nucleon assumption the neutrino’s energy can be reconstructed using

only the out-going lepton’s kinematics. This enables the energy to be measured
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under the QE approximation

EQE
ν =

2(mn − Eb)E` − (mn − Eb)
2 + m2

` + m2
p

2(mn − Eb − E` + p` cos θ`)
, (2.5)

where m`, mn and mp represent the masses of the lepton, neutron and proton

respectively. The lepton’s momentum and angle with respect to the incoming

neutrino is given by p` and cos θ`. Finally the Eb term defines the binding energy

of the neutron inside the nucleus.

In addition to the smearing effect of Fermi motion the kinematic approach

introduces a bias from non-QE backgrounds. This arises from non-QE events

whose hadronic component are below the detection threshold passing as as

QE-like events. These backgrounds would be reconstructed using the QE neut-

rino energy approximation (Equation 2.5) and result in incorrect energy determ-

ination. This bias can be seen in Figure 2.10 where the residual distribution for

Eν is presented. Here, using Monte Carlo, Equation 2.5 is applied to reconstruct

the neutrino energy and compared to its true value. The effect of Fermi motion

can be seen to smear the true QE event isotropically as expected. The back-

grounds however highlight how the energy reconstruction is affected by non-QE

processes. It is clear that both approaches to Eν reconstruction are susceptible

to uncertainties in neutrino scattering and demonstrates the importance of per-

forming high precision cross section measurements.

Moving on to future experiments, like the US based DUNE experiment, it will

also require precise knowledge of neutrino scattering. Currently, the DUNE ex-

periment has a designed sensitivity of O(1 − 2%) to the CP violating phase.

Given the expected flux from Figure 2.8, this will lead to resonance production

being one of the dominant interaction modes at DUNE . Although measurements

exist for resonance production, they are on light nuclear targets like hydrogen

and carbon. These measurements are either statistically limited like the early

bubble chamber experiments [46–49], or do not always consider the full reson-
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the inferred values of the oscillation parameters. While the use of a near detector does reduce

the reliance on cross section models, like-for-like comparisons are not possible. Oscillation

causes the far detector to be exposed to a di�erent flux shape than the near detector, and by

design, this di�erence is most prominent at the peak energy. The T2K near- and far-detector

muon neutrino flux shapes are shown in Figure 1.5. Furthermore, when studying electron

neutrino appearance the properties of electron neutrino interactions with matter must also be

well-understood—it is not currently clear that they are [50]. As a result of these complex and

coupled model components, the only feasible way to interpret real neutrino scattering data is

through the use of ‘event generators’.

Figure 2.10: T2K’s predicted bias in the reconstructed neutrino energy arising
from non-QE backgrounds. Source [66].

ance final state like at MINERνA [68]. The full final state should be measured

to better understand this process. Additionally, the DUNE experiment plans to

use argon as its main target nuclei. Few measurements exist on argon further

supporting the case for the experimental community to pursue new measure-

ments of the resonance-like interaction mode. In conclusion we have seen how

cross section uncertainties manifest themselves in oscillation measurements. We

therefore require new measurements of semi-exclusive final states fulfilling the

resonance topology on heavy nuclei to reduce these systematic uncertainties.
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Isolating Nuclear Effects

In the previous chapter it became apparent that nuclear effects conceal them-

selves as subtle variations in fundamental kinematics. This was highlighted

in Figure 2.6 (right) where different initial state model predictions for muon

momentum were presented. These small variations in variables that consider

only part of the final state are not experimentally distinguishable given current

detector technologies. An alternative approach is therefore required to probe

nuclear effects.

Let us begin by considering the bare Charged-Current neutrino-proton res-

onance interaction. The final state would contain at least three particles: a muon,

proton and pion. At the neutrino-nucleon level the sum of the final state four-

momenta should equal that of the initial state. In this instance the nucleon is

unbound leaving kinematic contributions coming from the neutrino only. If one

now translates this interaction into a bound nucleus and performs the same

measurement contributions would arise from the initial state proton. Any ob-

servation of non-conservation of four-momentum would be a direct measure of

nuclear effects. Unfortunately this approach relies on the experimenters’ ability

to reconstruct the neutrino energy. We have already learnt that this is dependent

on the nuclear model and therefore convolutes our ability to reliably understand

42
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nuclear dynamics. Hence an approach is needed that considers semi-exclusive

final states and has minimal dependence on the incoming neutrino energy.

This chapter will begin by outlining the variable used to probe nuclear ef-

fects before assessing the available interaction modes that the variable could

be applied to. The ideal case will then be introduced in order to highlight the

variables ability to isolate and discriminate between different nuclear effects. Ex-

panding on from the idealised case, a topological study shall be undertaken to

understand what should be expected experimentally. Comparisons will be made

using the NuWro, NEUT and GENIE neutrino event generators where specific

configurations are given throughout this chapter. Finally a method of directly

probing Final State Interactions of pions will be presented for use in current and

future experiments.

3.1 Double Transverse Momentum

The variable presented throughout this thesis, namely, Double Transverse Mo-

mentum considers a three particle final state which at the neutrino-nucleon level

is produced predominantly via resonance production. This method was first

introduced in Reference [69] as a means of isolating interactions on hydrogen

but may also be used to probe nuclear effects. By considering a muon, proton

and π+ final state, a plane can be defined between the incoming and outgoing

lepton. This is known as the leptonic plane. The hadronic system’s momentum

can then be projected onto the vector perpendicular to the leptonic plane as de-

picted in Figure 3.1. The vector perpendicular to the lepton plane, zTT, is defined

as

zTT =
dν × pµ∣∣dν × pµ

∣∣ , (3.1)

where dν is the incoming neutrino’s direction and pµ is the outgoing muon’s mo-

mentum. From here the proton, pp, and pion, pπ+ , momentum can be projected
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Figure 3.1: Schematic of Double Transverse Momentum in the laboratory frame
(background) and the frame transverse to the incoming neutrino’s direction
(foreground).

onto zTT leading to Double Transverse Momentum

δpTT = zTT ·
(

pp + pπ+
)
= pp

TT + pπ+

TT . (3.2)

The name derives from being transverse to both the incoming and outgoing

lepton, as such this probes deviations arising from the ‘bare’ neutrino-nucleon

interaction. In the absence of nuclear effects the nucleon is static and therefore

balances δpTT (pp
TT = −pπ+

TT ). Bound nucleons on the other hand will have con-

tributions from both the initial and final state that can result in having hadron

momentum vectors codirectional to zTT. Such effects will therefore lead to non-

conservation of δpTT and act as a probe to nuclear effects.

Double Transverse Momentum can be extended to analyse various final states

produced via Charge-Current Resonance production. These final states are out-

lined in Table 3.1. Unlike CCQE interactions, both neutrinos and anti-neutrinos

can interact with proton’s. This provides access to free nucleon interactions
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Incoming Initial Nucleon Intermediate State Final State

ν`
n ∆+ nπ+ pπ0

`−

p ∆++ pπ+

ν̄`
n ∆− nπ−

`+

p ∆0 nπ0 pπ−

Table 3.1: The dominant neutrino-nucleon production modes for Charged Cur-
rent three particle final states.

via neutrino scatters on hydrogen. Not only does this provide cross section

measurements free from nuclear effects but also reliable reconstruction of the

neutrino energy spectra [69]. Although final states containing neutrons can be

measured, experimentally this would be complicated due to the low detection

efficiency and kinematic reconstruction of neutrons.

3.1.1 Probing Pion FSI

One can expand upon the probing power of δpTT and enable direct access to

pion FSI. By redefining Double Transverse Momentum to make the proton’s pTT

positive

δpq
TT = |pp

TT|+ pπq

TT, (3.3)

where q denotes the pion’s charge, the signed-δpTT is defined. This is sensitive

the to sign and magnitude of the pion’s pTT. Given proton FSI are independent

of the neutrino interaction it is possible to remove its contribution by consider-

ing differences between the three pion’s signed-δpTT. For example, π+ and π−

FSI deviations may be evaluated by

∆p+−TT = δp+TT − δp−TT = pπ+

TT − pπ−
TT . (3.4)
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Here the proton’s contribution has been removed. This therefore acts as a test

of whether pion FSI are type dependent. Such tests would be interesting to

undertake at future experiments which have access to multiple semi-exclusive

pπq final states. Given data of such final states is currently sparse a more in-

depth evaluation of this proposal is beyond the scope of this thesis.

3.2 Resonance Production

A natural starting point is to begin by studying δpTT using an idealised case.

This is reached via Resonance production as it produces the required final state

used to calculate δpTT. We shall then systematically work towards a real world

scenario making comparisons between various effects throughout.

Possibly one of the most powerful probes of Double Transverse Momentum is

that it is able to isolate interactions on hydrogen. Given this, much of what is

discussed in this chapter focuses on Resonance-like events containing exactly one

muon with at least one proton, one π+and no other pions. The requirement of

at least one of each hadron has been chosen for comparisons with other heavier

nuclei. This is because FSI can result in multiple same type hadrons exiting the

nucleus. In such cases the highest momentum hadron is used to calculate δpTT.

In the absence of intra-nuclear transport, Figure 3.2 presents comparisons

of the δpTT distribution for different nuclei. Here NuWro has been configured

to produce resonance production with a mono-energetic 1 GeV νµ beam. Heavy

nuclei (A>2) are modelled using a LFG. In Figure 3.2 hydrogen has a very distinct

Dirac-delta-like function centred at zero. This is a direct result of neutrinos in-

teracting on a static proton. The hydrogen component has been scaled down by

a factor of four here to enable differences between other nuclei to be seen. One

interesting feature is hydrogen’s small non-zero contribution around zero. This

is caused by higher resonances producing additional particles in the final state

resulting in non-conservation of momentum. Studies have shown that when
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Figure 3.2: NuWro’s δpTT prediction for various nuclei of Charge Current Res-
onance production. The heavy (A>2) nuclei are modelled using a local Fermi
gas where the final state undergoes no FSI. The nuclei are impinged on by a
mono-energetic 1 GeV νµ beam.

constraints are placed on the total number of final state particles this feature

disappears.

Moving on to heavier nuclei, from Figure 3.2, one can see a clear link between

the atomic number, A, and the relative abundance in the central region of δpTT.

The local Fermi gas, whose Fermi momentum is dependent on the nuclear ra-

dius, results in a reduction in the central region and broadening in the tails as A

increases. Note that the end-points of δpTT are the same as the maximum Fermi

motion which for carbon is approximately 220 MeV/c. A consequence of gen-

eralising the modelling of heavy nuclei leads to a very distinct transition from

deuterium to helium. Deuterium’s nuclear initial state is unique in that it can be

solved analytically producing its Gaussian-like distribution in δpTT.

From Figure 3.2 one can imagine how, in composite nuclear targets containing

hydrogen, δpTT could be used to isolate interactions on hydrogen. Experiment-

ally, hydrogen’s delta-like function would sit on top of the heavy nuclear back-
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ground allowing the hydrogen component to be extracted on a statistical basis.

This would however require good reconstruction of the final state kinematics.

Before assessing the various aspects of nuclear effects in δpTT, it is important

to ensure the dynamics of neutrino induced resonance production is understood.

In Chapter 2 we learnt that the general approach to calculating the scattering

amplitude is to use empirical form factors to model the baryon charge distribu-

tion. The choice of parametrisation is known to effect the shape in distributions

like Q2 and Eν but what about Double Transverse Momentum? This shall now

be investigated to understand how model variations change δpTT’s shape, and if

it is dependent on the final state produced. If δpTT is sensitive to such effects, it

will convolute our ability to understand nuclear effects in this variable.

The first assessment considers the axial form factor, in particular its paramet-

risation using both the signal definition previously defined and one in which the

π+ is exchanged with a π0. Such comparisons are important if different final

states are to be used to infer information on others. We shall learn later that this

is one of the aims of the MINERνA analysis introduced in Chapter 6.

In Figure 3.3a the two final states are presented using different functional

forms to the baryon charge distribution. The first case considers NuWro’s default

parametrisation, a dipole form factor, the second presents work by L. Alvarez-

Ruso et al. and finally a Chiral Quark model features as our last case. Note here

that the exact formalism of these form factors is beyond the scope of this thesis,

however the interested reader may refer to Reference [65] for further details.

From Figure 3.3a, we clearly see that in both final states the shape is pre-

served and no difference is observed between all the parametrisations. Having

understood the form factors independence on δpTT’s shape we should briefly

evaluate variations to the nominal dipole form factors free parameters, namely,

MRES
A and C5

A. Different values for each of these free parameters is presented

in Figures 3.3b and 3.3c. Although the choice of value for each parameter pre-
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dominantly effects the normalisation, given that we present pdfs indicates that

variations have no effect of the shape of δpTT. We can therefore conclude that

the resonance parametrisation does not change δpTT’s shape.
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Figure 3.3: NuWro’s δpTT prediction for various model variations of Charge
Current Resonance production. Carbon is modelled as a Global Fermi Gas and
final states undergo no FSI. The target is impinged on by a mono-energetic 1
GeV νµ beam.
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Figure 3.4: Different initial state models are presented for Charge Current Res-
onance production on Carbon. NuWro is used with no FSI and a mono-energetic
1 GeV νµ beam.

Given that δpTT is insensitive to different resonance production parametrisa-

tions what can be learnt about nuclear effects in δpTT? Starting with the nuclear

initial state, Double Transverse Momentum is able to distinguish between differ-

ent initial state models. This can be seen when NuWro is used to compare its

four initial state models in Figure 3.4. Both the initial state Fermi momentum,

pF, and δpTT distributions are presented. Note that we are now considering final

states containing exactly one muon at least one proton and π+ with no other pi-

ons. With the exception of the initial state model the configuration of NuWro is

identical to that presented in Figure 3.2 for carbon.

One should notice the almost identical distribution in both δpTT and pF for

the GFG and BR-GFG models. Both have a sharp discontinuity at 220 MeV for

pF which translates to the approximate end points in outer tails of δpTT. The

addition of a high momentum tail in BR-GFG model was introduced following

measurements of electron scattering. They were able to fully infer pF given

the incoming lepton’s kinematics, something which is not readily accessible to

neutrino experiments. The LFG and eff. SF models follow a similar shape with

the latter exhibiting numerous peaks and troughs in pF which are believed to be

caused by nuclear Resonances [70]. From Figure 3.4b it is clear that in the central
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Figure 3.5: Comparisons between neutrino interactions with and without intra-
nuclear transport. Here NuWro has been configured to produce Charge Current
Resonance interactions on carbon (LFG) with a 1 GeV νµ beam.

region of δpTT the models differ by up to 30%. As mentioned earlier δpTT could

be used to extract the hydrogen component in composite nuclear targets. This

large variation would however lead to a large uncertainty in determining the

event rate on hydrogen. Therefore, if such a measurement is to be realised it is

crucial to constrain the shape of the nuclear background.

Having understood the predictions of different initial states and nuclei in

δpTT, intra-nuclear transport is examined by comparing carbon with and without

Final State Interactions in Figure 3.5. There is a notable broadening feature

in δpTT when FSI are permitted. The δpTT tails reach beyond the 220 MeV end-

points caused by Fermi momentum when the final state hadrons undergo intra-

nuclear transport. Similar to the effect of various initial state models, the central

region is also affected by FSI resulting in up to a 10% reduction compared to

no FSI. Again this emphasises the need to measure the shape of heavy nuclei in

δpTT for hydrogen measurements to be made.

Before moving onto a more physical scenario it is useful to gain an insight

into δpTT’s dependence on the incident neutrino flux. Kinematic variables which

are highly dependent on the neutrino flux can lead to added unwanted sys-
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Figure 3.6: Various neutrino fluxes highlight the minimal dependence on δpTT as
opposed to muon momentum where the distribution for each flux type is very
different. NuWro is configured to model carbon as a GFG and final states un-
dergo FSI.

tematic uncertainties in the variables shape. It is therefore interesting to con-

sider the effect of different fluxes covering a broad neutrino energy spectra

on Double Transverse Momentum. This can be seen in Figure 3.6 where the

a 1 GeV νµ flux is shown alongside the NuMi Low Energy (LE) and T2K fluxes.

For comparison purposes muon momentum is also presented with δpTT. This

highlights how different fluxes can result in large differences in the prediction

of certain kinematic variables. Clearly the muon momentum is highly depend-

ent on the incoming flux whereas Double Transverse Momentum is almost un-

changed. It is worth pointing out however that higher energy fluxes do cause a

broadening in δpTT , albeit small, leaving the shape fairly well preserved between

the other fluxes.
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3.3 Topological Study

Following on from understanding the behaviour of Resonance production in

δpTT focus now moves to a more physical, real world scenario. As discussed

in Chapter 2 Final State Interactions can result in contributions to the final state

from other neutrino-nucleon interactions. An assessment of the cumulative be-

haviour of all such processes in δpTT is therefore needed to see how the predic-

tions change.

At this point it is useful to compare the various Monte Carlo event gener-

ators and assess how their predictions differ. The generators are therefore con-

figured to enable the production of all interactions before the final state previ-

ously defined is selected. By translating NuWro and GENIE’s interaction modes

into NEUT’s definition1 it is possible to first compare what each generator breaks

its modes into. This is highlighted in Figure 3.7 where each generator has been

configured to produce interactions using the NuMi LE beam and a carbon tar-

get. For each neutrino event generator two cases have been considered; one in

which final states undergo no Final State Interactions (left) and the other where

intra-nuclear transport is applied (right).

There are a number of notable features observed in the various distributions.

The most obvious is the difference between GENIE with and without FSI (Fig-

ures 3.7e and 3.7f). This shape has been found to be a due to the elastic compon-

ent of FSI. GENIE’s modelling of this results in an abundance of events in the

central region of δpTT. This is emphasised by Figure 3.8 where the GENIE stand-

ard configuration is considered with cases where certain intra-nuclear compon-

ents are removed. Here GENIE’s nominal prediction is compared with three

cases in which the elastic component of FSI are removed. Three scenarios are

considered; the first two remove pion and proton elastic FSI individually and

1NEUT ’s definition of interaction modes along with which group they have been classified
here can be found in Appendix A.
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(a) NuWro without FSI.
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(b) NuWro with FSI.
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(c) NEUT without FSI.
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(d) NEUT with FSI.
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(e) GENIE without FSI.
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(f) GENIE with FSI.

Figure 3.7: Interaction modes are broken down into NEUT’s definition of in-
teraction modes for NuWro and GENIE. Each generator is set to produce all
possible interactions on a carbon target. Here interactions induced using the LE
NuMi beam and undergo no FSI (left) and FSI (right).
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Figure 3.8: Charged Current Resonance Production on carbon (BR-GFG) is
presented using GENIE where four scenarios are given. The first being GENIE’s
nominal prediction followed by cases in which the elastic component of FSI are
removed for each particle type, namely, protons and pions. Here GENIE uses
the NuMi LE beam flux when producing neutrino events. Source [71].

the last excludes both FSI. By comparing the case where GENIE has its elastic

component removed (‘No el. p or π± FSI’ distribution in Figure 3.8) with the

predictions made by NEUT and NuWro in Figure 3.7 (right) comparative agree-

ment can be made between all of the neutrino event generators. This indicates a

possible over prediction in the elastic component of FSI for GENIE in comparison

to the other generators.

Let us return back to Figure 3.7. In general NEUT and NuWro’s shapes

look to be similar but their normalisations differ. When interactions undergo

no FSI the shape of δpTT is similar between all three generators with particu-

lar agreement being observed between NEUT and NuWro. All the generators

include a Resonance and DIS component with GENIE including additional pro-

cesses. On the other hand, when interactions undergo FSI the DIS contribution

increases and other forms of scattering enter the distributions. Given that each

generator is set to model all interactions, contamination from non-resonance in-

teractions enter into the final state. This is highlighted by Figures 3.7b, d and f

where Resonance (Other) undergo charge exchange and protons from QE pro-

duce pion(s) as they traverse through the nucleus.
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3.3.1 Experimental Phase Space Constraints

Our final consideration lies in understanding the affect of phase space restric-

tions. This will enable us to assess a situation which is more in line with what

can be measured experimentally. Detectors are restricted by their technology

and configuration leading to limited reconstruction of low energy tracks as well

as a tracks direction. These effects restrict the phase space to some region in

which the experiment is sensitive. Here T2K and MINERνA’s final state topolo-

gies used in Chapters 5-8 are considered. This will allow us to assess whether

information is lost by kinematic constraints.

The analysis on T2K is aimed at isolating neutrino interactions on hydro-

gen therefore the final state of interest is a single muon and exactly one proton

and one π+. Both hydrogen and carbon are considered here as this final state

is induced via neutrino-proton interactions. It is important to know how the

shape of carbon is affected to ensure that kinematic constraints do not result

in large changes in the δpTT distribution. The MINERνA analysis focusses on

understanding the shape of carbon in δpTT by evaluating neutrino induced final

states containing one muon and at least one proton and π0. The details of these

restrictions shall be given in Chapter 5 for the T2K analysis and Chapter 6 for

MINERνA but have been summarised in Table 3.2.

The effect of applying kinematic constraints for both experiments can be seen

in Figure 3.9. Here NuWro is used to compare nominal Monte Carlo with restric-

ted phase space. A BR-GFG nuclear model is used for heavy nuclei and events

may undergo FSI. Clearly such phase space constraints have minimal effect on

the shape of δpTT. This indicates that only the normalisation will be reduced

when phase space constraints are applied.

Having noted the minimal variations observed when phase space constraints

are applied, can a measurement by MINERνA on the shape of δpTT for final

states involving only neutral pions tell us about the background shape for T2K?
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Experiment
Final State

µ− Proton Pion

T2K
200 ≤ pµ(MeV/c) 450 ≤ pp(MeV/c) 200 ≤ pπ(MeV/c)

−0.6 ≤ cos θµ 0.4 ≤ cos θp 0.4 ≤ cos θπ

MINERνA
1.5 ≤ pµ(GeV/c) ≤ 20.0 450 ≤ pp(MeV/c) 200 ≤ pπ(MeV/c)

0.94 ≤ cos θµ - -

Table 3.2: Phase space constraints applied to the T2K and MINERνA analyses.
Note the similarities in the hadronic momentum threshold which is a result of
both experiments using similar detector technologies.
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(b) MINERνA Experiment.

Figure 3.9: Effect of phase space constrains for both the T2K and MINERνA ana-
lyses. Here NuWro is configured to produce events given the respective fluxes
for each experiment.

This has been assessed in Figure 3.10 where the configuration of NuWro is

identical to that used in Figure 3.9. Two cases are considered here, the first case

places no experimental phase space constraints (Figure 3.10a) and the second

highlights the effect of such restrictions (Figure 3.10b).

It is clear that when no phase space constraints are applied the two differ-

ent final states look to have similar shapes with a variation of around 5%. The

MINERνA topology however looks to be slightly more broad than that of the

T2K final state. We mentioned earlier that this is somewhat expected given the

higher average energy neutrino flux at MINERνA, although it wasn’t as prom-
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Figure 3.10: The T2K and MINERνA Experiment’s final state topologies on car-
bon are compared using their respective neutrino flux’s. T2K’s signal here is
CCNpMπ+ whereas MINERνA requires CCNpMπ0final states. Here NuWro is
models carbon as a Bodek-Richie GFG and final states undergo FSI.

inent implying such a feature is due to FSI. This feature is also present when

kinematic restrictions are placed on the final state. There is also an additional

change to the shape in Double Transverse Momentum.

If the MINERνA measurement is to be used to constrain the background

shape in δpTT it would be beneficial to follow the same approach used by Le-

derman and Collaborators by comparing samples with the same kinematic con-

straints applied [14]. To first order one would be able to place constraints on the

carbon background given the similar shapes and knowing that current experi-

mental systematic uncertainties would cover the shape differences.
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3.4 Reconstruction

Following the discussion on Double Transverse Momentum’s ability to probe

various aspects of nuclear effects, how the neutrino direction is defined shall

now be discussed. This section shall use Monte Carlo data from T2K’s near

detector, ND280, to firstly highlight the effect of miss-reconstructing the neut-

rino direction and secondly present a more accurate method of determining the

neutrino’s direction.

Until 2016, T2K defined the neutrino’s direction as the z coordinate of ND280.

This was subsequently used to reconstruct observables like cos θµ or the µ− angle

with respect to the incoming neutrino. To first order this was a good approx-

imation of the neutrino’s direction, however, as we move into the realm of high-

precision measurements its definition needs re-evaluating.

An alternative method, outlined here, reconstructs the neutrinos direction

using its parent decay point. The approach improves the experimental recon-

struction of observables dependent on the incoming neutrino’s direction. Using

this technique, comparisons to the previous approach can be seen in Figure 3.11.

Here the reconstructed Double Transverse Momentum and cos θµ are evaluated

against their true values via residual distributions. These distributions are pro-

duced using the T2K analysis which will be outlined in Chapter 5. Fitting a

Cauchy distribution to the residuals provides as an approximate quantification

of the reconstruction improvements. In all cases, the alternative method out

performs the previous definition of the neutrino’s direction. A decrease in the

spread of the reconstructed variable is observed and the bias is either less than

or equal to the previous approach. There is however a bias observed in both

methods of reconstruction for cos θµ and indicates that in some cases the angle

is overestimated. This was found to be a result of low energy muons curving

slightly due to the magnetic field before being identified by the TPCs. As such,

this lead to the observed biases in both reconstruction approaches.
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Figure 3.11: Residual distributions highlighting the improved definition of the
neutrino’s direction. Here these variables are constructed using the z coordinate
of ND280 (z-dir.) and the reconstructed neutrino direction (ν-dir.).

In the following, the method for reconstructing the neutrino direction shall

be outlined. This technique not only improves the reconstruction of observables

dependent on the neutrino direction but also enables a systematic uncertainty to

be assigned due to the uncertainty in position at which the neutrino is created.

Note that it is only necessary to assign this as a systematic to off-axis neutrino ex-

periments where there is a large variation in the neutrino’s parent decay point

along the decay pipe2.

Both the vertex position of the interaction and the neutrino’s parent de-

cay point are used to determine the neutrino direction. At both ND280 and

MINERνA the vertex position is well defined. The parent neutrino decay point,

on the other hand, is only known by the truth information in the Monte Carlo

data. In reality we do not have the ability to determine the parent decay point

on an event-by-event basis and therefore take the mean x, y, z decay point of the

neutrino’s parent. It is determined using truth information from the respective

experiments.

2See Section 4.1 for further details on neutrino beam production.
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The x, y, z distributions of the parent decay point relevant to T2K can be

seen in Figure 3.12. The mean position, dg, in metres was found to be dg =

ND280 Coord. x (m)
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Figure 3.12: Monte Carlo modelling of the neutrino parent decay point at T2K.
These were produced from the νµ inclusive truth information. Black lines indic-
ate the mean positions for each distribution.

{−0.139,−1.729, 34.550} at T2K and dg = {0.231, 45.368,−766.384} at MINERνA.

Here g denotes the experiment’s global coordinate system which is transformed

into the respective local coordinate system, l. This is achieved by taking the

difference between dg and the position of the experiment, dExp in metres

dl = dg − dExp. (3.5)

For T2K’s ND280 detector this was found to be dExp = {−3.222,−8.146, 280.100}
and at MINERνA dExp = {0.249, 60.350,−1022.740}. From here the neutrino dir-

ection, ν, in metres is defined as the vector connecting the local parent neutrino

decay point and the interaction vertex position V

ν = V − dl. (3.6)

Finally the vector ν is normalised for use in analysis resulting in the improved re-

construction of variables dependent on the neutrino direction like in Figure 3.11.



Chapter 4

The Experiments

The low interaction probability of neutrinos, in general, leads to neutrino ex-

periments requiring large fiducial volume detectors made of dense materials.

Additionally, high intensity neutrino sources are needed in order to measure the

physics properties of interest with enough statistical precision. For both T2K and

MINERνA the detectors are situated in intense neutrino beams produced by ac-

celerator complexes. The T2K experiment uses its neutrino beam, situated at J-

PARC in Japan, to understand neutrino oscillations, whereas the Fermilab based,

MINERνA experiment in the United States aims to provide high statistics, high

precision neutrino-nucleus scattering measurements.

This section discusses the key physics goals and achievements of the respect-

ive experiments along with their design and configuration. Both experiments use

similar beam production methodologies and simulation techniques. As such, a

general overview of both the neutrino beam production and simulation shall be

given before a short overview of their individual configurations.

63
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4.1 Neutrino Beam Production

The production of high intensity neutrino beams is a non-trivial process and re-

liant on the production of secondary particles. These subsequently decay into

neutrinos and their charged lepton counterparts. The method adopted at J-

PARC and Fermilab is to begin with H− ions and using a linac, accelerate it

to 400 MeV. The beam is stripped of its electrons as it enters a synchrotron leav-

ing only protons that enter a final accelerator. Once the proton beam has reached

its design energy it is then steered onto a static target made from graphite.

The protons interact with the target and produce a secondary beam of charged

hadrons. These hadrons have a broad energy spectra and consist of predom-

inantly pions (π±) and kaons (K±). After production, the secondary beam

is focussed using magnetic horns whose polarity enables the production of a

ν`/ν̄` rich beam. A Forward Horn Current (FHC) produces a neutrino rich beam

whereas a Reverse Horn Current (RHC) results in an anti-neutrino dominated

beam. The configuration of magnetic horns defines the peak energy of the neut-

rino beam. Finally, the neutrino beam is produced in the decay tunnel of the

production facility via the following dominant decay modes

FHC: π+ → µ+ + νµ and K+ → µ+ + νµ,

RHC: π− → µ− + ν̄µ and K− → µ− + ν̄µ.

The length of the decay tunnel is optimised to accommodate the decays of the π±

and is dependent on the proton beam energy. Unfortunately, further wrong-sign

contamination enters the neutrino beam from muon decay and sub-dominant

kaon decay modes

FHC: µ+ → e+ + νe + ν̄µ and K+ → π0 + e+ + νe,

RHC: µ− → e− + ν̄e + νµ and K− → π0 + e− + ν̄e.
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Placed downstream of the decay tunnel lies an absorber which removes any re-

maining hadrons and low energy muons. The latter arise from the multi-phase

neutrino production process. In this region and beyond is instrumentation to

provide measurements of the beam direction and intensity. The neutrinos pro-

duced in the decay tunnel travel unimpeded towards the respective detectors.

For measurements to be performed by accelerator-based neutrino experi-

ments the number of protons impinging on the target must be understood. The

quantity defining this is known as Protons On Target or POT. This is equival-

ent to luminosity in collider physics experiments. POT is determined by meas-

uring the charge of the proton beam typically via current transformers situ-

ated along the beamline [72]. The POT is used to calculate both the neutrino-

interaction event rate in simulations and cross section measurements. Details of

how the POT is included in neutrino-scattering measurements shall be discussed

in Chapter 8.

4.2 Neutrino Flux – Predictions and Constraints

The success of accelerator-based neutrino experiments measuring cross sections

and neutrino oscillations are dependent on reliable prediction of the neutrino flux.

It is crucial to understand its intensity, flavour composition and spectra. Having

understood how neutrino beams are produced in Section 4.1, numerous effects

can impinge on the resultant neutrino flux rate. As such, any analytical cal-

culation is infeasible. Neutrino flux predictions therefore require Monte Carlo

modelling of many aspects including POT, the geometry and field strength of

the magnetic horns, along with the particle propagation and interactions within

and around the target. The precise simulation of such dynamics is limited by

the knowledge of these factors and is one of the major sources of uncertainty in

accelerator neutrino experiments.

Currently the major source of uncertainty in making flux predictions lies in
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hadron production models. As protons collide with the target material QCD pro-

cesses induce the production of mesons that subsequently decay to neutrinos. In

order to reduce the systematic uncertainty of these processes accelerator-based

neutrino experiments rely on external data from hadron scattering experiments.

By placing replica targets or target material in hadron beams provides con-

straints on the production rates and kinematics of various hadronic final states.

4.3 Simulation

Accelerator-based neutrino interaction detectors like MINERνA and T2K’s ND280

need detailed Monte Carlo simulations of their data. This is required in order to

reliably estimate event selection efficiencies and background constituents. The

procedure begins by using inputs from the flux prediction, detector geometry

and relative masses of the detectors components. This information enables inter-

action vertices to be sampled from which the subsequent neutrino-nucleus scat-

ter can be determined. Each scatter is modelled by neutrino interaction event

generators like those discussed in Section 2.3. The type of interaction chosen at a

particular vertex is dependent on the incoming neutrino energy and the various

cross sections.

The next stage of simulation is to propagate each final state particle through

the detector. This models a particle’s energy deposited and scattering inside

the detector. Finally, the detectors response is modelled using inputs from the

propagation process where the electronics and data acquisition system is simu-

lated. These simulations provide an ‘identical’ output as if it were actual data

collected from the detectors other than the true underlying neutrino interaction

and final state kinematics are known.

The two experiments under consideration here have had their simulation

summarised in Table 4.1. Here the flux generator, neutrino interaction simula-

tion and particle propagation are given for each experiment. Note that the sim-
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Simulation Stage
Experiment

T2K MINERνA

Flux Driver FLUKA2008 [74] + GEANT3 [75] GEANT4 [76]

Neutrino Event Generator NEUT (6B) [64] GENIE [63]

Particle Propagation GEANT4 [76] GEANT4 [76]

Table 4.1: Summary of Monte Carlo simulation packages used at each stage of
the modelling process.

ulation of the electronics and data acquisition are bespoke to each experiment.

Additional information of the exact configuration of neutrino event generators

is given in Reference [33] for T2K and Reference [73] for MINERνA.

4.4 The T2K Experiment

4.4.1 Overview

The T2K Experiment [33] is a long-baseline neutrino oscillation experiment whose

main goal is to measure the transformation of muon neutrinos to other neut-

rino flavours. By looking at the disappearance of νµ and appearance of νe in

T2K’s two running configurations, neutrino and anti-neutrino mode, it meas-

ures parameters of both the PMNS matrix and neutrino mass differences. The

experiment as seen in Figure 4.1 comprises of three detectors situated along

the neutrino beamline provided by J-PARC. The first two, INGRID and ND280,

are positioned ∼280 m downstream of the production target. These detectors

measure beam properties. Finally, a further 295 km downstream of the tar-

get lies the Super-Kamiokande (SK) detector, a water-based Cherenkov detector

used to search for the appearance/disappearance of neutrinos. While INGRID,

a sandwich configuration of iron and scintillator, is placed on-axis to the neut-

rino beam and measures the flux direction and intensity; ND280 and Super-
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Super‐Kamiokande J‐PARCNear Detectors

Neutrino Beam

295 km

Mt. Noguchi‐Goro
2,924 m

Mt. Ikeno‐Yama
1,360 m

1,700 m below sea level

Figure 4.1: The T2K Experiment’s near and far (Super-Kamiokande) detectors
baseline is given in which νµ neutrinos transform into other flavours. Source [33].

Kamiokande are positioned 2.5◦ degrees off-axis. This results in each detector

being exposed to a narrow neutrino flux peaked at approximately 600 MeV.

Since late 2009 T2K has been taking data and presented the first indication

of νµ to νe oscillations in 2011 using a collected POT of 1.43× 1020 [77]. As the

experiment has increased its statistics it has placed the most precise measure-

ment using the νµ disappearance channel of both the mass-difference, ∆m2
23 and

sin2 2θ23 [78]. Expanding on this analysis and including RHC datasets T2K’s

most recent oscillation result has, for the first time, excluded CP conservation

(δCP = 0, π) to a 90% Confidence Level [79].

The T2K Experiment also performs crucial measurements of neutrino-nucleus

cross sections. Such measurements aid in reducing systematics that limit our

sensitivity to the oscillation parameters of interest. These scattering cross sec-

tions not only help characterise the respective signals and backgrounds observed

at the far detector but has also produced a number of world leading cross section

measurements [80, 81]. Finally, searches for physics beyond the standard model

are also examined by T2K, most notably sterile searches [82] and tests of Lorentz

and CPT violation [83].

The T2K analysis presented in this thesis uses only the ND280 detector, it

is therefore beyond the scope of this section to discuss Super-Kamiokande and

INGRID any further. For the interested reader one may refer to Reference [33]

for more information on these detectors. Henceforth the discussion on T2K will
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Figure 4.2: J-PARC Accelerator Facility whose Main Ring is configured to run at
30 GeV during neutrino beam production. Source [84].

focus on its beam properties and the ND280 near detector along with relevant

sub-detectors used in this analysis.

4.4.2 T2K Beamline

The T2K neutrino beam is produced by the Japanese Particle Accelerator Re-

search Complex (J-PARC) on the east coast of Japan. The accelerator facility is

presented in Figure 4.2. J-PARC uses a 330 m linac to accelerate hydrogen-ions

whose electrons are removed by collisions with charge stripping foils. This pro-

cess of proton beam production occurs inside a 3 GeV Rapid-Cycling Synchro-

tron. The 3 GeV protons then enter the Main Ring (MR) for final acceleration to

30 GeV. Finally, the protons collide with the graphite target located in the most

upstream magnetic horn.

Each proton beam or ‘spill’ is extracted within a single turn from the MR via

a set of five kicker magnets. A single spill has a total duration of approximately

5 µs and contains 8 bunches. Each bunch is less than 100 ns and separated by

around 560 ns. Knowledge of the beam timing structure is required for both
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Figure 4.3: J-PARC’s Neutrino Beamline Production Facility. Here the beam
dump refers to the absorber. Source [85].

oscillation and cross section measurements as it enables the removal of back-

grounds such as cosmic rays.

T2K’s neutrino facility as depicted in Figure 4.3 uses a three horn set-up to fo-

cus and tune the secondary beam. This results in a neutrino beam energy peaked

at around 2 GeV. The secondary beam has a 110 m decay region in which to

produce neutrinos. Any remaining muons above 5 GeV passing through the ab-

sorber are measured by MUMON providing real time information on the beam

direction and intensity.

4.4.2.1 The Off-axis Technique

Both Super-Kamiokande and ND280 are positioned 2.5◦ off-axis to the neut-

rino beam centre. Although this reduces the intensity it provides numerous

benefits for oscillation physics. This method takes advantage of the kinematics

of pion decay by considering the dominant mode, π± → µ±
(−)
ν µ. Given the neg-

ligible mass of the neutrino its energy dependence, Eν, on the pion’s kinematics

can be written as

Eν =
m2

π −m2
µ

2 (Eπ − |pπ| cos θ)
. (4.1)
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4.1, [18]). Il apparaît qu’au fur et à mesure que l’angle hors-axe augmente, l’énergie du neutrino varie
de moins en moins avec l’impulsion du pion. Ainsi, pour un angle hors axe suffisamment important nous
obtenons un spectre piqué en énergie, visible sur la figure 4.2.

Figure 4.1 – Energie du neutrino produit en fonction de l’impulsion du pion pour différents angles hors-
axe. En jaune la gamme d’énergie sélectionnée pour un angle hors axe compris entre 2 et 3◦.

Figure 4.2 – Spectre en énergie pour différents angles hors axe. Comparaison avec la probabilité d’oscil-
lations

Cette sélection en énergie présente deux avantages principaux. Nous voyons sur la figure 4.2 que
le nombre de neutrinos ayant une énergie correspondant au maximum d’oscillation a augmenté, ce qui
augmente le signal. Nous pouvons également remarquer que le nombre de neutrinos à haute énergie a
grandement diminué. Cela réduit le bruit de fond : en effet les neutrinos de haute énergie peuvent produire
par courants neutres des π0 qui constituent un bruit de fond pour la détection des νe. Ces deux effets
améliorent donc le rapport signal sur bruit de l’expérience.

Pour obtenir un bon compromis entre un spectre étroit en énergie et un flux centré au niveau du
maximum de la probabilité d’oscillation, T2K a décidé de fonctionner avec un angle hors-axe de 2.5◦. Il
faut par ailleurs pouvoir mesurer cet angle précisément pour connaître les propriétés du faisceau, c’est
dans ce but qu’a été conçu le détecteur INGRID, objet principal de cette thèse.
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Figure 4.4: Three different off-axis angles are compared to an on-axis neut-
rino beam. Source [86].

From Equation 4.1 one can see that the neutrino energy is dependent on the ratio

of the mass difference between the pion, mπ, and muon, mµ, to the pion’s kin-

ematics, Eπ, and pπ. Hence for some opening angle of the neutrino with respect

to the pion’s direction, θ, it is possible to produce a narrow neutrino energy

spectra peaked at a particular energy. The effect of varying the off-axis angle

can be see in Figure 4.4a where the neutrino energy is presented as a function of

pion momentum. It is clear that even a small off-axis angle dramatically reduces

the maximum Eν.

This technique provides numerous benefits that outweigh the loss of intens-

ity. As discussed in Section 1.3, neutrino oscillations are dependent on the ratio

between the distance travelled by and the energy of the neutrino. Given this,

the off-axis angle can be optimised to produce a narrow neutrino beam which

is tuned to maximise or minimise the oscillation probability at the far detector.

This effect is highlighted in Figure 4.4b which compares the neutrino flux with

the oscillation probability. By comparing the on-axis beam in Figure 4.4b to

the various off-axis configurations it becomes apparent that this technique re-

duces the un-oscillated neutrino beam contamination. This is especially good

at reducing backgrounds from NC events producing π0. Finally, this approach
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Figure 4.5: The ND280 off-axis near detector. The UA1 magnet which houses the
SMRD surrounds the various sub-detectors. Source [33].

also aids in reducing the intrinsic νe background produced at J-PARC that reach

Super-Kamiokande which for the νe appearance measurement is crucial due to

the expected low event rate.

4.4.3 The ND280 Off-Axis Near Detector

T2K’s dedicated cross-section scattering experiment, ND280, as depicted in Fig-

ure 4.5, is a composite detector comprising of several specialised sub-detectors

immersed in a 0.2 T magnetic field. The horizontal magnetic field provided by

the former UA1 experiment’s magnet is aligned transverse to the neutrino beam

direction. It contains all the sub-detectors other than the side range muon de-

tector (SMRD). The SMRD interlaces the UA1 magnet and comprises of scintil-

lator pads. The main task of the SMRD is to identify high-angle muons exiting

the central detectors and veto background tracks entering the central region.
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The central region contains an array of tracking detectors; beginning at the

most upstream point sits the Pi-Zero Detector, P∅D, whose purpose is to identify

neutral pions. This is realised by identifying the photons produced in π0 decay

and takes advantage of materials whose conversion length is small. The P∅D is

formed of a sandwich configuration of plastic scintillator and a combination of

either lead, brass or fillable water bags. The fillable water bags provide a means

of performing scattering measurements on water, the same target used at Super-

Kamiokande. These measurements on water reduce model dependency when

predicting event rates at the far detector.

Downstream of the P∅D are a set of alternating Time Projection Chambers

(TPCs) and Fine Grained Detectors (FGDs). A total of three TPCs deliver high

resolution tracking to enable precise measurements of the curvature of charged

tracks. This not only facilitates charge separation but also momentum recon-

struction. The two FGDs are similar in design and construction, each acting as

active targets in which neutrino interactions have a higher probability of taking

place. Both FGDs collect light via plastic scintillator but FGD2, like the P∅D, can

be partially filled with water.

Finally the active tracker region which encompasses the P∅D, TPCs and

FGDs is surrounded by an electromagnetic calorimeter (ECAL). The ECAL com-

prises of layers of iron interleaved with scintillator and takes advantage of the

density of lead as it increased the probability of electromagnetic showers. This

property of lead aids in containing such electromagnetic topologies within the

calorimeter. The ECAL has two roles in analysis at ND280, the first being able

to provide complimentary information on an event enabling the analyser to im-

prove the selection of particular topologies. Secondly, it can act as an alternative

form of particle identification in regions of phase space where the TPCs fail to

distinguish particle type.
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Figure 4.6: Schematic of the Time Projection Chambers used in the ND280 near
detector. Source [87].

4.4.3.1 Time Projection Chambers (TPCs)

The three gaseous argon TPCs are identical in design and are able to reconstruct

events in three dimensions. This makes them capable of easily identifying the

multiplicity and orientations of charged particles. A TPC module consists of an

outer box held at ground potential and an inner box containing the argon based

drift gas. There is a carbon dioxide gas layer in between the inner and outer

boxes which acts as an electrical insulator.

Situated in the centre of the inner box and perpendicular to the neutrino beam

is the cathode as seen in Figure 4.6. This configuration provides two electric

fields parallel and anti-parallel to the magnetic field resulting in two readout

planes each facing the central cathode. The inert nature of argon enables charged

particles entering the TPC to produce ionisation electrons. These ‘drift’ electrons

travel up to 90 cm away from the cathode towards the two readout planes where

they are detected by an array of avalanche sensors called MicroMEGAS [87].

A MicroMEGAS comprises of 1728 charge-collection elements each measur-

ing 68.6 mm2 which are arranged in 48 rows and 36 columns. Each row is offset

so that passive regions are not aligned. This results in a point spatial resol-
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20 3 RECONSTRUCTION AND SIGNAL EVENT SELECTION

After the raw TPC data has been processed with the ND280 reconstruction software (e.g. track566

finding), spatially close hits are grouped into clusters. A charged particle crossing a TPC hori-567

zontally typically creates 72 such clusters, while particles exiting the sides of the TPC produce568

less clusters. The Landau tail is removed to get an improved estimation of the typical energy569

loss for a particle of given momentum; only the low energy part corresponding to 70% of TPC570

hit clusters is retained to compute the mean value. This is called the truncated mean method.571

The sum of the charge deposited by all the hits within a cluster i is its total energy CC(i). Aver-572

aging the energies of all the clusters and applying said truncation function yields the truncated573

mean energy deposit CT . This truncation results in a better ionisation resolution and an almost574

Gaussian distribution of CT . The track is then recalibrated to the corresponding quantity for the575

aforementioned reference track (horizontal, 72 hits) to obtain a calibrated CT [51].576

Table 5: Coefficients used for the parametrisation of CE as a function of �� of the particle. [56]

e0 e1 e2 e3 e4

53.87 5.551 0.001913 2.283 1.249

Reconstructed TPC track momentum (GeV)
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Figure 15: Most probable energy deposition vs momentum for positive TPC tracks simulated in GENIE

(production 6B, run 4a). The scatterplot shows reconstructed tracks, while the curves show the expected
energy deposition as function of the momentum. Note that this is not simply the Bethe-Bloch curve, since
it is the most probable rather than the average energy loss that is measured by the truncated mean method.

Because the truncated mean method does not yield the average dE/dx, this quantity loses its577

physical meaning: multiplying the truncated value for dE/dx (keV/cm) by the track length L (cm)578

does not yield the total energy loss �E (keV ) of the particle! To avoid misunderstandings, the579

quantity CT given in arbitrary units (a.u.) is used instead [57].580

20

Figure 4.7: The TPCs reconstructed energy loss as a function of momentum used
for particle identification at ND280. Source [88].

ution of approximately 0.7 mm in the zy-plane where relative timing between

hits determines the x-position. Over the two readout planes there are twelve

MicroMEGAS forming an active readout area of approximately 3 m2 per TPC.

Each TPC with its excellent tracking resolution and being situated in a mag-

netic field provides for the identification of particle type. This is achieved by

measuring the tracks momentum by curvature and the energy loss per unit dis-

tance, dE/dx. Note that the curvature of a charged track is induced by the

magnetic field. The TPC’s ability to distinguish between particle type can be

seen in Figure 4.7, where the dE/dx profile of different particle hypotheses are

presented as a function of momentum.

4.4.3.2 Fine Grained Detectors (FGDs)

In addition to acting as a target mass for neutrino interactions, the FGDs also

serve to track charged particles close to the interaction vertex. Each FGD is

finely granulated enabling the identification of short-ranged tracks like protons

from nuclear emission that fail to enter the TPCs. The key task of each FGD is to
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identify the interaction vertex, measure individual charged tracks and determine

their direction.

The two 1.1 ton FGDs have an active target material made of polystyrene

scintillator bars. Each bar is 1864.3 mm long and has a width of 9.6 × 9.6 mm.

These are assembled into planes made up of 192 bars that are then orientated

in pairs perpendicular to one another. The two perpendicular planes produce

a single ‘XY module’ that face the incoming neutrino beam. This configuration

provides good granularity for 3D tracking.

FGD1 is a fully active tracker, constructed of 15 XY modules. The second

FGD, FGD2, can be configured to hold water and consequently contains less

active scintillator modules. FGD2 therefore houses 7 XY modules which are

interlaced with six 25.0 mm water layers.

The scintillator bars are extruded to hold a wavelength shifting (WLS) fibre

down its centre and coated in a reflective titanium oxide layer. This is to max-

imise the light yield and direct the light towards the WLS fibre. A single end of

the WLS fibre is instrumented with a Multi-Pixel Photon Counter (MPPC) with

the other masked with aluminium film that acts as a mirror.

A single MPPC has an area of 1.3 × 1.3 mm2 that contains a total of 667

pixels. Each pixel is an avalanche photo-diode whose readout is a binary hit or

no hit. The individual pixels are therefore independent of the number of photons

incident on the pixel. Hence the signal produced by an MPPC is a linear sum of

the number of pixels fired. This same MPPC detection technique is also used in

the ECAL , P∅D and SMRD.

Like the TPCs the FGDs are capable of particle identification and momentum

reconstruction. However due to the detectors resolution and size, determining a

tracks dE/dx profile and momentum by curvature is not possible. For each track

the FGDs therefore consider their start position and then, as seen in Figure 4.8,

sum the energy deposited given the distance travelled between the previous
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Figure 4.12: A demonstration of how momentum by range can be calculated for an FGD-only
track. Taken from [128].

MIPs is dominated by the plausible statistical fluctuations in the 20-30 pe they produce in

a scintillator bar.

4.2.3 Data simulation

In order to estimate backgrounds and detector e�ciencies in any but the most simple event

selections, it is essential to have a Monte Carlo simulation of data. This section will briefly

discuss the fake data used by ND280, that will be used as an input to the analysis in the

subsequent chapters.

ND280’s event simulation begins with the sampling of interaction vertices throughout

the detectors and magnet according to the relative masses of the di↵erent components of

ND280 and the flux intensity at di↵erent o↵-axis angles (derived from the flux predictions

discussed in section 4.1.3 and illustrated in figure 4.14). For example, most interactions are

placed inside the ND280 magnet yoke since it makes up the majority of ND280’s target mass

and of the events placed in the FGDs there are more in the bottom left than the top right

(if looking in the direction of the neutrino beam), since the former is at a more on-axis angle

(as illustrated in figure 4.14) .

Following this placement of vertices, the NEUT [40] neutrino interaction simulation is

used to generate a neutrino-nucleus interaction at each (where the probability of generating

a particular interaction is proportional to the NEUT prediction for its cross section). The

Figure 4.8: Contained FGD tracks momentum is reconstructed by summing the
momentum loss along the track. Source [89].

Figure 4.9: Particle identification in an FGD is performed by comparing the
tracks range and total energy deposited by the track. Test beam data is presen-
ted with an overlay of the proton, pion and muon Monte Carlo expectations.
Source [90].

and current measurement point. The summation is continued until the end of

the track is reached. This method provides particle identification by comparing

the tracks total energy deposited with its distance travelled. The discriminating

power of this particle identification method can be seen in Figure 4.9.
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4.4.4 Performance

The FGDs provide good particle identification of tracks contained in its fiducial

volume. This is highlighted by Figure 4.9 where test beam data is compared

to three particle hypotheses. Each FGD is proficient in distinguishing between

protons and charged pions, however differentiation between muons and pions

is limited. The same is observed for the TPCs but they are also able to identify

kaons and electrons. In general, discrimination between muons and pions is

complicated due to their similar masses. This results in the particles having a

similar energy loss resulting in the observed behaviour in both sub-detectors.

The TPCs ability to identify between muons and electrons is down to both its

good energy resolution, and the energy loss of muons in argon being roughly

half that for electrons. The TPC’s energy resolution is 7.8± 0.2% for minimum

ionising particles leading to a 0.2% probability of identifying muons as elec-

trons [87]. The TPCs provide a momentum resolution of about 0.1p⊥/(GeV/c)

and can be seen in Figure 4.10. This is the momentum resolution of a track

transverse to the magnetic field. The observed resolution is thanks to the 70 cm

sampling length, MicroMEGAS good space point resolution of about 0.7 mm

and the TPCs operating in a 0.2 T magnetic field.

4.5 The MINERνA Experiment

4.5.1 Overview

The MINERνA Experiment is a dedicated neutrino-nucleus scattering experi-

ment whose main goal is to provide measurements on various nuclei of exclusive

and semi-exclusive final states. Unlike the ND280 detector at T2K, MINERνA is

situated on axis exposing it to the broad neutrino energy spectra. This enables

measurements of scatters induced at low energies, like CCQE, to high-energy

deep inelastic processes. Such information is critical as neutrino oscillation ex-
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Figure 4.10: Momentum resolution for a single TPC is presented as a function
of momentum perpendicular to the magnetic field. The data points are Monte
Carlo simulations of muons and the dashed line represents the momentum res-
olution goal. Source [87].

periments enter an era of precision that is limited by cross-section model system-

atics. Being able to provide results over a broad energy range aids in reducing

systematics for a wide array of current [33, 34] and future [35, 36] oscillation

experiments.

Since taking data in 2010, MINERνA has collected a combined total of 4.27×
1020 POT from the LE neutrino beam in FHC and RHC mode. These datasets

have led to a number of notable publications; those closely related to oscilla-

tion systematics are measurements of nuclear effects such as 2p2h and RPA in

neutrino and anti-neutrino interactions [91, 92]. Additionally, using neutrino-

electron scattering, MINERνA was able to provide additional flux constraints of

the NuMi LE flux. This information has been used by other experiments situated

in the NuMi beam [93]. Finally, MINERνA has also provided evidence of rare

neutrino-induced Kaon scattering processes at the three sigma level [94].

The MINERνA experiment as seen in Figure 4.11 where the beam is enter-



CHAPTER 4. THE EXPERIMENTS 80

Front View


Inner Detector (ID)




M
IN

O
S 

N
ea

r D
et

ec
to

r 
(M

uo
n 

Sp
ec

tro
m

et
er

)

Sc
in

til
la

to
r V

et
o 

W
al

l

Liquid 
Helium

St
ee

l S
hi

el
d

N
uc

le
ar

 T
ar

ge
t R

eg
io

n 
(C

, P
b,

 F
e,

 H
2O

)

El
ec

tro
m

ag
ne

tic
 

C
al

or
im

et
er

H
ad

ro
ni

c 
C

al
or

im
et

er

Side ECAL

Side HCAL

Side ECAL

Side HCAL

0.25t

30 tons15 tons

0.6 tons

116 tons

5 m 2 m

2.
14

 m
3.

45
 m

Elevation View

Active Tracker 
Region

8.3 tons total

Figure 4.11: The MINERνA detector’s front view (left) and side view (right)
where the neutrino beam enters from left to right. Source [73].

ing from left to right, is situated approximately 100 m below ground and 960

m downstream of the NuMi target. The detector consists of an array of active

and passive targets. Starting from the most upstream part of the experiment

to the neutrino beam lies a steel shield followed by a veto wall. Situated in

between the veto wall and the main body of the MINERνA detector is an un-

instrumented cryostat containing helium. The veto wall is used to reject events

entering MINERνA upstream of the cryostat in analysis studying neutrino inter-

actions on helium.

Continuing downstream of the passive helium target is the main MINERνA de-

tector. This is comprised of an inner detector (ID) surrounded by calorimetry.

The inner detector contains a set of passive nuclear targets which including car-

bon, lead, iron and H2O, interleaved with plastic scintillator. The scintillator

provides particle tracking and identification of the vertex position. A fully active

tracker made of plastic scintillator forms the rest of the ID and acts as a hydro-

carbon target. This enables precise determination of the direction and energy

of charged tracks. Surrounding ID reside two calorimeters, one ECAL which

is enclosed by a hadronic calorimeter (HCAL). This configuration can be seen

in Figure 4.11 (left).

Finally, the magnetised MINOS detector sits downstream of MINERνA to
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Figure 4.12: Fermilab Accelerator Complex. Source [96].

perform charge identification and momentum reconstruction of muon-like tracks.

A full overview of the MINOS detector’s technology and readout can be found

in Reference [95]. The analysis presented in the thesis using data from the

MINERνA experiment only considers events in the active tracker where muon-

like tracks enter MINOS. For this reason all components upstream of the active

tracker shall not be discussed further. The interested reader may however refer

to Reference [73] for more details.

4.5.2 NuMi Beamline

MINERνA is situated in the Neutrino at the Main Injector (NuMi) beam whose

accelerator complex can be seen in Figure 4.12. The set-up is similar to J-

PARC however the facility works at much higher energies. The first stage of

acceleration is performed by the Booster which produces a 8 GeV proton beam.

The Main Ring (MR) subsequently builds the proton energy up to 120 GeV before

it collides with the target. Fermilab has designed the spill to have less bunches

than at T2K. NuMi’s beam structure is formed from 5 or 6 bunches lasting a

period of 8-10 µs.
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Figure 4.13: The NuMi beamline production facility. Source [97].

The configuration of the NuMi beam presented in Figure 4.13 has two mag-

netic horns and a 675 m decay tunnel. The much larger decay tunnel than T2K is

a result of the much higher proton beam energy. In addition to muon monitors

downstream of the absorber, like at J-PARC, the NuMi facility also has a hadron

monitor 80 cm upstream of the absorber. Given only around 20% of the primary

protons interact with the target the hadron monitor provides information on the

primary beam angle and position along with the horn positions. The NuMi beam

is configurable to three energy peaks, a low (LE), medium (ME) and high (HE)

energy. These different configurations are made by varying the distance between

the two horns. The various flux predictions can be seen in Figure 4.14 where the

LE peaks at around 3.5 GeV, the ME at ∼6 GeV and the HE is centred at ∼10

GeV.

4.5.3 Construction

The MINERνA detector is made of 114 regular hexagon modules each construc-

ted using up to two scintillator planes. These break down into three categories;

tracking, ECAL and HCAL. For ease of fabrication and erection a single mod-

ule contains the ID and calorimetry as shown in Figure 4.11 (left). The tracking

modules are configured in two ways using three orientations of scintillator plane.

As presented in Figure 4.15, MINERνA defines the X plane as vertical scintillator

strips and the other two planes, U and V, are orientated ±60◦ to the X plane. The
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FIGURE 2.  Neutrino beam energy spectra achieved at the 
MINOS experiment with the target in its nominal position 
inside the horn (LE), or retracted 1 m (ME) or 2.5 m (HE). 

focuses pions along the decay pipe length, have been 
abandoned due to budget constraints.  Such a device 
increases the neutrino flux by approximately 30%. 

At the end of the decay volume is a beam absorber 
consisting of a 1.2×1.2×2.4 m3 water-cooled aluminum 
core, a 1 m layer of steel blocks surrounding the core, 
followed by a 1.5 m layer of concrete blocks.  The 
core absorbs 65 kW of beam power, but can sustain 
the full 400kW beam power for up to an hour in the 
event of mistargeting. In the event of a proton intensity 
upgrade the core would require no modification, but 
the steel blocks might require cooling.   

SECONDARY AND TERTIARY BEAM 
INSTRUMENTATION 

Ionization chambers are used to monitor the 
secondary and tertiary particle beams [17].  An array is 
located immediately upstream of the absorber, as well 
as at three muon 'pits', one downstream of the 
absorber, one after 8 m of rock, and a third after an 
additional 12 m of rock.  These chambers monitor the 
remnant hadrons at the end of the decay pipe, as well 
as the tertiary muons from π and K decays.  When the 
beam is tuned to the medium energy configuration, the 
pointing accuracy of the muon stations can align the 
neutrino beam direction to approximately 50 µradians 
in one spill.  In NuMI, the hadron (muon) monitor will 
be exposed to charged particle fluxes of 109/cm2/spill, 
(107/cm2/spill).  Beam tests  of these chambers indicate 
an order of magnitude safety factor in particle flux 
over the rates expected in NuMI before space charge 
buildup affects their operation.   

OUTLOOK 

Fermilab is in the midst of a 12-week shutdown 
whose purpose includes completion of the NuMI 
transport line in the MI tunnel.  NuMI will commence 
operations with a short test run of the proton extraction 
line and instrumentation in December, 2004.  The 
target hall installation will be complete Jan. 1, 2005, 
whereupon commissioning of the neutrino beam with 
target, horns, and tertiary beam instrumentation will 
commence.  In the coming year it is hoped that the 
Booster/MI complex will be commissioned to deliver 
3.3×1013 protons/cycle (2.5×1013 ppp for NuMI).  
Significant experience will also be gained regarding 
the adequacy of component cooling and of the 
shielding for future proton intensity upgrades, such as 
the proton driver. 
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Figure 4.14: On-axis flux prediction for the MINOS detector. Source [98].

125

Material Percentage (%)

Hydrogen 7.42
Carbon 86.6
Oxygen 3.18
Aluminum 0.26
Silicon 0.27
Chlorine 0.55
Titanium 0.69

Table 3.1. Composition by mass of a tracker plane (information taken from [37])

X U V

Figure 3.6. Cartoon to demonstrate the X, U and V orientations of the
scintillator strips in the x�y plane. (Note that a real MINERvA plane has
127 strips)

glued together with epoxy, and the planes are then covered in Lexan to prevent light

leakage between one plane and the next. While the polystyrene is a hydrocarbon with a

CH structure, the tracker also includes the TiO2 coating, dopant and epoxy, leading to a

composition as shown in table 3.1. More details can be found in [37].

A 2.6±0.2 mm hole drilled down the center of each strip contains a wavelength-shifting

fiber, sealed in optical epoxy. The light collection system, including the function of the

scintillator and wavelength-shifting fibers, will be explained in section 3.4.

Figure 4.15: The orientations of the X, Y and V scintillator layers providing con-
cise 3D track reconstruction. Source [99].

detector is formed from UX and VX modules which alternate between the re-

spective modules. This configuration enables precise 3D reconstruction of tracks

in MINERνA.

MINERνA’s coordinate system is defined such that the z-axis is horizontal

and pointing downstream from the nuclear targets towards the MINOS detector.

The x and y coordinates whose origin when facing a tracker module, like in Fig-

ure 4.11 (left), is centred in the middle and defines the x-axis as horizontal and

y-axis as vertical. In this coordinate system the neutrino beam is centred in the
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Figure 4.16: The triangular scintillator bars used at MINERνA. Source [73].

y− z plane pointing downward 3.34◦.

4.5.3.1 Scintillator Planes

The scintillator planes are similar in construction to T2K’s FGDs. They are also

made using bars of extruded polystyrene scintillator containing a central WLS

fibre. A total of 127 bars in each plane are coated with a reflective titanium ox-

ide layer. The key difference between the bars used at MINERνA and in T2K’s

FGD is the geometry; MINERνA applies the principle of charge sharing between

bars leading to bars having a triangular cross section as depicted in Figure 4.16.

This will ensure that particles traversing through a single plane deposit energy

in at least two bars. Charge sharing provides two benefits; the first being bet-

ter discrimination between signal and noise and second an improved position

determination.

Each bar has a width of 33 mm and hight of 17 mm, depending on where

the bar is situated in the detector its length is either 1220 or 2450 mm. The light

collected by the WLS fibres are readout by multi-anode photomultiplier tubes

(PMT). Each PMT at MINERνA contains 64 pixels in a 20 × 20 mm2 area and

measures light from up to 64 scintillator bars. Therefore unlike the MPPCs used

on T2K, here each pixel measures the energy deposited in a single bar. Although

a single PMT can read many individual bars this is at the cost of irreducible

cross talk between pixels. In order to overcome this problem the mapping of
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Figure 4.17: Comparisons of the dE/dx profiles for simulated protons (left) and
pions (right) presented against their true expectation. Source [73].

bars in the detector to an individual pixel was chosen such that no adjacent bars

are read out by adjacent pixels.

4.5.3.2 Active Tracker

In the core of MINERνA lies the active tracker which is made of 62 tracker mod-

ules. This acts as a precise 8.3 ton tracking target volume making it capable of

resolving multi-particle final states containing low energy particles. The large

volume and high granularity allows for contained tracks in the active tracker

to have their particle type determined through dE/dx measurements. By con-

sidering the energy deposited as a function of the distance travelled by a track,

particle type can be identified. This can be seen in Figure 4.17 where simulations

of protons and pions in MINERνA are compared to their expected profile.

4.5.3.3 Calorimetry

MINERνA contains side calorimeters surrounding the nuclear targets and active

tracker regions along with dedicated calorimeter modules situated at the most

downstream point of the detector. The side ECAL is formed by attaching 2 mm

thick lead sheets to the outermost 150 mm of the tracking modules. The side

HCAL improves containment of events by using 349 mm thick steel, a material

with a short radiation length, segmented with scintillator bars.
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The downstream ECAL comprises of 10 ECAL modules. A single module

is identical to a tracker module but has a 2 mm thick lead plate attached to

the upstream side of the scintillator planes. This provides excellent directional

information of electrons and photons along with good energy resolution.

Finally, the downstream HCAL acts as a hadronic particle ‘absorber’ and

enables containment and energy reconstruction of charged hadrons. This is

achieved by replacing one of the scintillator planes in a standard tracker module

with 254 mm of steel. In order to preserve directionality in the reconstruction

of hadronic showers a total of 20 HCAL modules are configured in a single,

repeating X, U and V pattern.

4.5.4 The MINOS Near Detector

Situated 2.1 metres downstream of the last HCAL module in MINERνA is the

MINOS near detector. The MINOS detector acts as a muon spectrometer meas-

uring both the charge and momentum of very forward going tracks exiting

MINERνA. A full description of the detector can be found in Reference [95].

The MINOS near detector, as shown in Figure 4.18, is composed of planes of 10

mm plastic scintillator sandwiched between 282 magnetised iron sheets measur-

ing a width of 254 mm. This tracking calorimeter has a 1.3 T toroidal magnetic

field running through the entire length of the detector enabling both the charge

identification and momentum determination by curvature. The long length of

MINOS also opens the to door to momentum measurements by range analogous

to those made in T2K’s FGDs.

4.5.5 Performance

The MINERνA detector, thanks to its well understood detector alignment and

calibration procedures enable a per plane x − y position resolution of 3.1 mm.

This knowledge also provides a hadronic calorimetric energy resolution of σ/E =
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Figure 4.18: MINOS Near Detector. Source [73].

0.134⊕ 0.290/
√

E for the active tracking region of MINERνA. This energy resol-

ution is a convolution of effects from FSI to attenuation along scintillator strips

and is improved for low recoil energies below 1 GeV. In such cases where single

tracks are identified, like in CCQE interactions, their ionization (dE/dx) profile

can be used leading to an energy resolution of around 5% for hadrons. Using

the dE/dx profile for particle identification shows good separation between pro-

tons and pions. This can be seen in Figure 4.17 for simulated 1 GeV momentum

protons. The χ2 for the proton hypothesis is 34 for 41 degrees of freedom (d.o. f .)

where the d.o. f . is the number of planes traversed by the track. In the case for

the same simulated protons being compared to the pion hypothesis the χ2 is

177 for the same d.o. f . and highlights MINERνA’s particle identification capab-

ility. Finally, using the MINOS detector, the momentum uncertainty for muons

measured using their range in MINOS is known to a 2% precision.



Chapter 5

T2K Analysis

This chapter outlines the current status of the T2K analysis which aims to isolate

neutrino interactions on hydrogen contained within a composite nuclear target.

Such a measurement would be the first resonance-like neutrino-nucleon cross

section since the early 80s [46–49]. Although such measurements do exist, know-

ledge of the neutrino flux was not well understood leading to a large associated

uncertainty.

Performing measurements on hydrogen has numerous benefits; not only may

it provide an updated cross-section result with reduced systematics arising from

the neutrino flux but also aid in understanding nuclear effects. This can be

achieved by providing a direct measurement of the ‘bare’ neutrino-nucleon in-

teraction which can then be compared to heavier nuclei. It is therefore benefi-

cial to perform new measurements of neutrino-hydrogen interactions, not only

providing an updated cross section measurement but also as a proof of principle

that hydrogen can be isolated in multi-nuclei targets containing hydrogen. As

mentioned in Chapter 3, being able to isolate interactions on hydrogen can lead

to improved reconstruction on the neutrino energy spectra and therefore reduce

the systematic uncertainties in neutrino oscillation measurements [69].

88
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5.1 Signal Definition

Having seen how hydrogen can be differentiated from other nuclei in Chapter 3

there is only one interaction mode available in neutrino interactions that achieves

this. At the nucleon level the resonance production reaction for hydrogen is

given by

νµ p→ ∆++µ− → pπ+µ−. (5.1)

We see that in the absense of FSI from Table 3.1 the signal definition is therefore

defined as neutrino-hydrogen induced events containing exactly three tracks;

one muon, one proton and a single π+ (H-CC1p1π+).

Although this final state is predominantly produced via resonance produc-

tion it can also be created via deep inelastic scatters (DIS). Note however that the

DIS contribution is expected to be small given T2K’s neutrino flux. Irrespective

of this expectation the signal definition in this analysis will consider only final

state topologies and not the ‘bare’ neutrino-nucleon interaction. This will min-

imise model dependence and remove any Monte Carlo generator specific signal

definitions.

Having defined the signal topology, constraints are also placed on the target

region within ND280. There are three active tracking targets each containing a

large amount of hydrogen, namely, the P∅D and two FGDs. In principle the

P∅D could be used as a target, however it is limited by its ability in recon-

structing charged pions. The P∅D is constructed using dense materials like steel

and brass that increase the secondary interaction probability of charged pions.

Such secondary interactions lead to limited kinematic reconstruction making the

P∅D an inadequate target for this analysis given good momentum reconstruc-

tion is required for all final states. The P∅D is therefore ignored in this analysis

leaving FGD1 and FGD2 as targets.

The fiducial volume for each FGD is defined in Table 5.1. In addition to



CHAPTER 5. T2K ANALYSIS 90

Fine Grained
Detector

Coordinate (mm)

x y z

Start End Start End Start End

1
-932.17 932.17 -877.17 877.17

115.63 436.93

2 1473.63 1807.38

Table 5.1: FGD1 and FGD2 vertex position fiducial volume cuts applied to both
the signal definition and selection in ND280 coordinates.

Phase Space Constraints

250 ≤ pµ (MeV/c) 250 ≤ pπ+ (MeV/c) 450 ≤ pp (MeV/c)

Table 5.2: Kinematic restrictions applied to the signal definition used at T2K lead-
ing to a Fiducial Cross Section.

these detector related signal constraints, ND280’s acceptance is included in the

signal definition. These account for the minimum momentum T2K’s near de-

tector can reliably reconstruct and are summarised in Table 5.2. This ‘reduced’

phase-space refinement in the signal definition helps to reduce the model de-

pendence and is often referred to as a Fiducial Cross Section. The lower limits

are determined by considering the minimum number of XY layers required by

the FGD’s reconstruction. This is approximately 2.5 XY planes and is equivalent

to a range of around 5 cm travelled by a particle. From here each particle types

low momentum threshold are identified using momentum by range tables [22].

It is worthwhile pointing out that although the signal definition is H-CC1p1π+

the selection will search for events passing the CC1p1π+ criteria. This is because

δpTT will be used to determine the relative hydrogen contribution. Given this,

it is useful to gauge the approximate hydrogen contributions from each FGD as

it may provide more insight into any ambiguities in the selection. This can be

achieved by considering the target nucleon as a proton and the nuclear compos-
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ition of each FGD.

For FGD1 the dominant target is CH and it is therefore expected that 14% of

the CC1p1π+ topology will be on hydrogen seeing as one in seven protons are

hydrogen. For FGD2 the relative hydrogen contribution needs to account for the

the six water and seven scintillator planes. By taking the hydrogen composition

of CH and H2O and the total number of protons in each molecule the probability

of interacting on hydrogen is 17%. Both expectations assume no other target

nuclei and negates any effects of FSI but to first order act as a good guide as to

the expected rates on hydrogen for each target.

5.2 Truth Study

Before considering the selection of CC1p1π+ final states in ND280, a truth study

was undertaken to understand the expected topologies that may be observed.

The approach here was to use the Monte Carlo’s true kinematics and topologies

to understand the interactions behaviour. This began by considering the H-

CC1p1π+ final state without any phase-space constraints applied. Performing

such a study not only acted as a guide to develop the selection but as a means

of assessing the ability of the selection framework at T2K.

The first phase of the truth study identified all possible topologies that the

final state may produce. Then the detectors with which each particle traversed

is determined and assessed as to whether it passed the active region of each

sub-detector. The following truth study can consider FGD1 only, the argu-

ments apply to FGD2 as well by translational symmetry. This is due to the

TPC/FGD sandwich configuration being the same for each FGD resulting in

only one set of topologies to be determined.

The true topologies are given in Figure 5.1 and present four cases where the

blue lines represent the true particle trajectories. Defining contained FGD tracks

as those which occupy the active region of an FGD and TPC tracks as those
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3 TPC Tracks

1 FGD Contained, 2 TPC Tracks 2 FGD Contained, 1 TPC Tracks

FGD Contained FGD1/2
TPC

a) b) c) d)

e) f) g) h)

Figure 5.1: The true final state topologies considered in ND280’s FGDs. The
particle type is interchangeable for each topology considered.

that possess both an FGD and TPC component the cases are; fully contained

FGD tracks, a single contained FGD track, two FGD tracks and three TPC tracks.

For all topologies considered the particle type is interchangeable between each

track.

Given the topologies defined in Figure 5.1 H-CC1p1π+ events are selected

from T2K’s NEUT Monte Carlo dataset equivalent to 7× 1021 POT. This POT

is ten times T2K’s FHC dataset. Before considering the relative abundances for

each topology the naming convention from Figure 5.1 is refined to reflect that all

possible orientations of TPC tracks are considered for each particle type.

While the definition of an FGD contained track remains unchanged, tracks

with TPC components are now categorised as either Out-Going (OG) Forward

(F), or OG Backward (B) tracks. Forward going tracks are those that enter the

downstream TPC of the respective FGD whereas backward are those tracks that

enter the upstream TPC. Hence for topology e) in Figure 5.1, for a forward going

muon, an FGD contained π+ and a backwards going proton the respective topo-

logy reads: Cont. π+, OG p (B) and µ− (F). In instances where an event fails all
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Figure 5.2: The true final state topologies identified in FGD1. Events entering
Other are those that do not immediately enter a TPC such as topologies that
have tracks starting from the FGD and enter the ECAL.

the topologies such as a track originating from the FGD and entering the barrel

ECAL are defined as ‘other’.

The results of the truth study for FGD1 is presented in Figure 5.2 where only

non-zero entries are provided. It is interesting to note that given all the possible

combinations of three tracks in ND280 only forward going tracks are observed.

This feature is somewhat expected given that the final state particles are likely to

be boosted in the same direction as the incoming neutrino. Further effects may

also cause this such as the low to medium Q2 region in which resonance produc-

tion dominates generally leads to the outgoing muon in the forward direction

with respect to the incoming neutrino.

Clearly two topologies dominate the final state of interest. In both cases

they contain a forward going muon and proton where the topologies are dis-

tinguished by the position of the π+. The first categorises the π+ as contained

in the FGD and the second defines it as forward going and entering the TPC.

Given these topologies contain over 50% of the signal, the selection should focus
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Figure 5.3: The true final state topologies identified in FGD1. Note the y-axis is
zero suppressed.

on identifying such events within ND280.

The assessment of final state topologies in Figure 5.2 does not account for

experimental limitations such as the energy threshold of the detectors. By in-

cluding the kinematics restrictions defined in Table 5.2, we can provide a more

realistic insight into what topologies may be observed in ND280. Kinematic

thresholds are placed on the final state particles based on the FGDs low energy

limit of ∼110 MeV. This restriction translates to a lower momentum threshold of

250 MeV/c for muons and π+s and 450 MeV/c for protons. The subsequent to-

pologies passing the kinematic constraints are presented in Figure 5.3. Note that

this plot’s y-axis has a suppressed zero. These phase-space restrictions leaves

only the dominant two topologies from Figure 5.2.

The low predicted event rate is expected given T2K’s incoming neutrino flux

and detector design. For the production of a final state containing a muon, pro-

ton and π+ a minimum incident neutrino energy of 490 MeV/c is required. The

additional phase-space constraints further increases this to 820 MeV. Comparing

this threshold to T2K’s neutrino flux in Figure 4.4a indicates that the final state
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is induced from neutrinos in the high energy tail. This therefore reduces the

probability of producing the desired final state leading to a lower event rate.

If we consider the remaining two topologies after phase-space restrictions

are applied, they loose approximately half their events when compared to the

unrestricted case. Obviously our study ignores the detector’s ability to identify

track multiplicity and implies an idealised case. In reality the detectors ability

in identifying final states needs to be included. Regardless of this, our res-

ults presented here still act as a good measure of the success of selecting signal

events.

One of the key outcomes of this study is that the expected number of signal

events will be small. In the dominant topology containing three forward-going

tracks, the Monte Carlo contains approximately one thousand events after kin-

ematic constraints are applied. If the Monte Carlo dataset is scaled to actual data

POT, the signal statistics reduces to a tenth of this size. The development of the

selection should therefore focus on maximising statistics by applying cuts that

retain as many signal-like events as possible.

Following our assessment of available signal topologies two have been iden-

tified that may be reconstructed at T2K. Going forward we shall assess the selec-

tion capabilities of three forward-going tracks and events that have two forward-

going tracks and a contained FGD track. The former shall be referred to as the

3TPC Tracks sample and the latter the FGD Contained sample.

5.3 Event Selection

In order to isolate interactions on hydrogen, candidate CC1p1π+ events must be

identified in ND280. Two topologies are investigated following their determina-

tion from the truth study in Section 5.2. The selection is evaluated using Monte

Carlo equivalent to 10 times data POT. This Monte Carlo production models
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neutrino interactions in both the magnet and tracker region of ND2801 and may

include multiple neutrino interactions in each spill.

In this section we evaluate the selection of final states where events contain

three forward going tracks whose charge composition is formed of one negative

and two positive tracks. We also assess the performance of selecting the second

topology containing two forward going tracks entering the TPC, one positive

and one negative, along with a contained FGD track.

The analysis flow used to select events for these two topologies are defined

in Figure 5.4 where both the FGD contained π+ and three TPC track samples

are presented. Both selections begin with four identical steps before branching

off into separate sample specific cuts. Note that this selection analyses inter-

actions in FGD1 and FGD2 independently i.e. they are considered as separate

targets. Hence we shall now discuss each phase of the analysis flow using Monte

Carlo results produced for events originating from FGD1.

Event Quality

This is a standard analysis cut applied to all T2K ND280 analysis. Its purpose

is to perform two checks on the data. The first ensures the spills GPS timing,

horn current and beam direction are within expectation. The second assesses the

global ND280 data quality which validates that the relevant sub-detectors were

acquiring ‘good’ data during the data taking period. For Monte Carlo this cut is

always passed.

Contains Tracks

The TPC reconstruction framework works by considering the three TPCs as a

single detector containing dead regions in which the FGDs lie. The individual

TPC tracks are used in conjunction with the FGD information to bring the re-

1This used T2K Production 6B Monte Carlo and the March 2017 software freeze.
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2

3

Event Quality Contains Tracks

Vertex 
Identification 3 Tracks

FGD Contained3 TPC Tracks

Track Charges

N TPC Tracks

FGD Particle 
Identification

Track Charges

Figure 5.4: The analysis flow for the selection of two signal samples; one re-
quiring three TPC tracks and the other a contained FGD track along with two
TPC tracks.
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spective components together. This creates a set of global tracks which are then

grouped depending on what sub-detector components they have and where the

track originated from. A tracks origin is determined by considering the start

position of each track. The groups used in this analysis are defined as

• FGDN-TPC Tracks – Charged TPC tracks originating from an FGD where

N is either 1 or 2 to represent FGD1 or FGD2,

• FGDN Tracks – Tracks contained in a single FGD where N represents

FGD1 or FGD2,

• TPC Only Tracks – Tracks consisting of TPC information only,

• TPC Tracks – All global TPC tracks. This contains FGDN-TPC tracks and

TPC only tracks,

• All Tracks – Contains all tracks in ND280. This includes FGDN, FGDN-

TPC tracks and TPC-only tracks,

where each group containing TPC information is further divided into positive

and negative as determined by charge identification through track curvature.

Once the tracks have been categorised, the ‘All Tracks’ group for a particular

FGD target is selected. From here the event is checked to ensure that it contains

at least one global TPC track. Prior to applying this cut, the total number of

TPC tracks is presented in Figure 5.5 where both the signal topology (CC1p1π+ )

and background are presented. The signal component is invisible here as there

are only a few thousand signal events. This cut alone removes around 90% of

the Monte Carlo events where no tracks are identified by ND280’s TPCs.

Vertex Identification

A candidate interaction vertex is identified by first searching for a negative

FGDN-TPC track. In cases where multiple negative tracks exist the highest mo-
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Figure 5.5: The total number of TPC tracks having identified the ‘All Tracks’
group for FGD1. Here the signal component is invisible as there are only a few
thousand signal events.
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Figure 5.6: The XY (left), YZ (centre) and ZX (right) vertex positions identified
prior to the fiducial volume restrictions are applied for FGD1. The gray boxes in
each distribution define the fiducial volume.

mentum track is chosen. The selected track has its FGD component checked

to ensure that its start position is contained within the respective FGD fiducial

volume defined in Table 5.1. Events whose vertex is confined within the fiducial

volume pass on to the next stage of the selection.

By requiring the vertex to be within the fiducial volume has a minimal effect

on the total number of events passing the cut. This can be seen explicitly in Fig-

ure 5.6 where the XY, YZ and ZX vertex positions are presented. Events lying

outside the gray boxes in each distribution are rejected by this cut.

There are a number of interesting features observed in each distribution
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2.6. Motivation for an ECal-target sample 49
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Figure 2.10: The number of deposits observed in each module of the ND280 Barrel ECal,
normalised to the detector mass contained within each bin. Contours of constant o�-axis angle
are overlaid. Significantly more deposits are seen in the bottom left module, which is exposed
to the smallest o�-axis angle.

MINER‹A data are presented as a ratio with carbon-target measurements, which may contain

distinct model biases. Furthermore, the MINER‹A data are presented as a function of recon-

structed neutrino energy, and as briefly discussed in § 1.3.3, such a mapping is detrimentally

model-dependent. It would be more interesting to investigate lead-target neutrino scattering

data in distributions of interaction model-independent observables. The ND280 detector con-

tains a number of nuclear targets that can be used, in a similar way to the CHORUS result,

to investigate the scaling of nuclear-target e�ects with nucleon number. A robust lead-target

analysis is needed if ND280 is to be used to its full physics potential.

2.6.1 Previous ND280 ECal measurements

Interactions occurring within the ND280 ECal have been assessed twice before. The first

analysis, performed in 2013, attempted to fit for the flux-averaged, charged-current inclusive

lead-target cross section by selecting a sample of neutrino interaction candidates reconstructed

to start within the ND280 ECal [95]. The fit varied the overall cross section normalisation of

Figure 5.7: XY view of ND280 where various off-axis angles are overlaid. Taken
from [66] where the analyser considered events occurring on lead within the
ECAL. There is a clear decrease in the number of interactions as the off-axis
angle increases.

of Figure 5.6. Firstly, the off-axis nature of the T2K beam should present itself

as decreasing event rate from bottom-right to top-left of the XY interaction ver-

tex (Figure 5.6 left). This is highlighted by Figure 5.7 taken from Reference [66]

which presents the intensity at various off-axis angles. The analysis in Refer-

ence [66] searches for interactions in the ECAL. This feature is present in the XY

distribution (Figure 5.6 left) although it is much less prevalent than in Figure 5.7.

Moving on to looking at looking at ND280 from the side, like in Figure 5.6

(centre) or from above as shown in Figure 5.6 (right), there is a clear increase

in vertex identification as interactions take place further downstream of the in-

coming neutrino beam. Here the beam enters from the bottom of each plot.

Interactions occurring in the upstream region of the FGD must contain higher

energy tracks in order for them to be reconstructed by the TPC leading to the

observed gradient. The yellow bars in Figure 5.6 YZ (centre) and ZX (right) are

a result of our choice of binning and granularity of the detector.
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Figure 5.8: Total number of global tracks identified in ND280.

Three Tracks and N TPC Tracks

The total number of tracks in the ‘All Tracks’ group is counted and required to

equal three. If the event contains TPC-only tracks the event is rejected. This

means that we require all the tracks to be either FGDN-TPC or FGDN type

tracks. At this point the selection splits to identify the two topologies of interest.

The first sample requires three TPC tracks and no other reconstructed tracks for

the event to pass this cut. The second sample passes events which have a single

FGD contained track and two tracks that extend into the TPC.

Let us consider how the CC1p1π+ signal is broken down into the number of

tracks identified. In Figure 5.8, the total number of tracks is split into signal and

background. Although small, the signal is most prevalent in cases where two

or three tracks exist. Events in which two tracks are identified contain approx-

imately twice the signal events than those where three tracks are reconstructed.

This may be due to the pion decaying within the FGD, leaving only a time-

delayed energy deposit which may not be reconstructed as a track due to a lack

of directionality. The effect of this cut will therefore be large given one, two and

four track events will be rejected. We saw from the truth study that about 5% of

the events are classified as ‘other’ and may contain events that enter the ECAL.

These events could result in secondary interactions producing additional tracks
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and form part of the four track component.

FGD Particle Identification

For the two TPC tracks sample, the contained FGD track has its particle type

determined. In order to ensure good particle identification the FGD track is

analysed to ensure that it is fully contained in the sub-detectors fiducial volume2.

This ensures that the track length can be reliably determined for use in dE/dx

comparisons.

The measured dE/dx for the track is compared to the proton and pion dE/dx

hypothesis. This uses information from Figure 4.9 to determine which particle

hypothesis best suits the track. For each hypothesis the pull

p =
xmeas − xhyp

σmeas
, (5.2)

is calculated and used to asses how well the reconstructed track matches the

particle hypothesis. Here the measured dE/dx, xmeas with uncertainty σmeas is

compared to the respective hypotheses, xhyp. The hypothesis closest to zero in-

dicates what particle type best suits the track. We therefore chose the hypothesis

whose pull modulus is closest to zero. No maximum pull threshold is applied

to the pion-like track. The muon hypothesis is ignored as muons and pions have

similar dE/dx profiles. This hypothesis was neglected as it may result in signal

events being rejected due to the pulls being similar. Both of these considerations

were chosen to maximise statistics given the expected low event rate. Hence only

events whose track is pion-like passes on to the final cut.

The proton and pion hypothesis pulls for FGD contained tracks is presented

in Figure 5.9. Immediately we see that the contained track is predominantly a

charged pion forming over 50% of the distribution. There is a non-negligible

electron component which is believed to be a result of π0 decay products pro-

2The fiducial volume for each FGD is defined in Table 5.1
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(b) Proton Hypothesis.

Figure 5.9: Pulls for proton and pion hypothesis of FGD contained tracks for
the FGD1 target prior to particle identification being performed.

ducing electrons and positrons. The pull from Figure 5.9a for the track being a

pion is seen to be centred at zero unlike that for the proton case in Figure 5.9b.

This highlights how pions may be discriminated from protons. There is however

an overlap in between the two hypothesis at around -5 which may result in this

approach for particle identification removing signal pions.

Track Charges

Finally the two samples have their TPC track charges evaluated. The FGD con-

tained, two TPC track sample requires a single positive and negative track as the

topology restricts the muon and proton to entering the TPC. Here the positive

track is set as the proton candidate and the negative track as the muon candidate

where the remaining FGD track as the pion candidate.

For the three TPC track sample, a single negative TPC track is required and

set as the muon candidate. The remaining two TPC tracks must be positive

where the candidates are set via particle identification. Only the highest mo-

mentum positive track is evaluated in the particle identification. Here the mo-
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3TPC Tracks FGD Contained

Track Charges Percentage Track Charges Percentage

3 +ve 0 2 +ve 0

2 +ve, 1 -ve 72 1 +ve, 1 -ve 94

1 +ve, 2 -ve 26 2 -ve 6

3 -ve 2

Table 5.3: Breakdown of the charge composition identified by the TPCs for both
samples where events originate from FGD1. Note that positive tracks are repres-
ented by +ve and negative −ve.

mentum and dE/dx profile is measured and subsequently used to compare it

with the proton and pion hypothesis.

In the three track sample particle identification is used to improve momentum

reconstruction. If we refer back to TPC reconstruction, a tracks FGD component

is combined with the TPC information to create a global track. The global tracks

final momentum relies on knowledge of the tracks particle type to determine the

FGD momentum by range. This is achieved by comparing the proton and pion

hypothesis using a Log Likelihood test of the highest momentum positive track.

The hypothesis with the largest Likelihood sets the tracks particle type and the

remaining hypothesis defines the second tracks particle type. For example, if the

highest momentum track is determined to be more proton-like it is set as the

proton candidate and the remaining track to the pion candidate.

Let us consider breaking the two interesting topologies into the TPC tracks

charge composition. This is highlighted in Table 5.3 where all possible charge

configurations are considered. Here ±ve represents positively and negatively

charged tracks respectively. Both samples contain a majority of events with the

correct charge composition. The 3TPC tracks sample will see around a 25%

reduction following this cut and less than 10% decrease in FGD contained events.

The TPC charge composition presents an interesting feature in that both samples
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fail to contain any significant positive only component. This is expected given

that this work analyses FHC events where the neutrino beam is almost entirely

νµ (1-3% non-νµ contamination [72]).

5.4 Selection Performance

Having outlined the selection developed for the two samples of interest, it is now

useful to understand how effective each selection is at identifying the respective

topologies. The two metrics used to do this are as follows

Purity =
N(Signal)

N(Total Events)
, (5.3)

Efficiency (ε) =
N(Signal)

N(Total Signal)
, (5.4)

where N(Signal) represents the number of signal events forming the sample,

N(Total Events) the number of events in the sample and N(Total Signal) is the

true number of signal events prior to any selection requirements. Given our

Monte Carlo predictions, the purity gives us an insight into what proportion of

the sample contains the events of interest, namely, the signal. The efficiency on

the other hand measures the selections ability to retain signal events. Clearly

maximising both metrics is important when developing the selection however

seeing as δpTT enables good signal to background discrimination our driving

force here is therefore the efficiency.

We shall begin by evaluating the three TPC tracks sample before reviewing

the selection ability of a single FGD contained track with two forward going

TPC tracks. Before each sample is evaluated individually, one should note that

two ‘signals’ are assessed using the metrics recently defined. The first is the

CC1p1π+ topology where phase space constraints are included and the second

places an additional requirement that the target material must be hydrogen. The
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Cut
FGD1 FGD2

Events Signal (on H) Events Signal (on H)

No Cuts 1.43× 108 7343 (3467) 1.43× 108 8267 (4274)

Event Quality 1.43× 108 7343 (3467) 1.43× 108 8267 (4274)

Contains Tracks 1.41× 107 6432 (2717) 1.41× 108 7532 (3408)

Vertex Identification 497165 6432 (2717) 529196 7532 (3408)

Three Tracks 384676 5700 (2522) 381674 6490 (3106)

3 TPC Tracks 6773 830 (374) 10841 1173 (566)

Tracks Charges 4863 696 (316) 6792 802 (373)

Table 5.4: Summary of the 3TPC Track samples selection performance using
T2K’s NEUT Monte Carlo equivalent to 7.0× 1021 POT for both FGD1 and FGD2
targets. Each step’s statistics is broken into events passing the cut and what
proportion of those events are signal. Here the signal is the topology, CC1p1π+,
and those that are on hydrogen (H) where phase space constraints are included.

latter is the standard H-CC1p1π+ signal introduced earlier. These will provide

as a cross check for the expected ratio between events on hydrogen and those

that are not. FGD1 is expected to have a ratio of approximately 14% whereas

FGD2 should hold a larger hydrogen yield of around 17%.

5.4.1 3TPC Tracks Sample

Beginning with the 3TPC Track selection a step-by-step breakdown of the event

statistics passing each cut is summarised in Table 5.4. Both FGD1 and FGD2

targets are presented with the respective number of signal events passing each

analysis step. The final cut, namely, Tracks Charges, represents the total number

of events passing all cuts.

As expected FGD2 contains more signal events on hydrogen than FGD1 and

is a direct result of each target’s nuclear composition. Interestingly, the number

of events on hydrogen is approximately half that of the signal topology. At first
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Figure 5.10: Running Efficiency and Purity for the 3TPC sample where FGD1 is
the target. Note that the sold blue line is underneath the yellow.

glance this may seem incorrect given that we expect 14% of all FGD1 events to be

on hydrogen. This higher than expected hydrogen contribution may however be

attributed to FSI in heavy nuclei. Although at the ‘bare’ neutrino-nucleon level

the interaction may indeed have started as the CC1p1π+ signal, however the ef-

fect of FSI may emit more particles from the nucleus, and change the kinematics

removing it from the signal definition.

Moving on to assessing the differences between the outcome of the selec-

tion developed here and that of the truth study. For FGD13 we see that the

selection captures around 30% of the available three forward-going track events.

This seems to be a result of the combined effect of the reconstruction algorithm

and final state of interest. We saw in Figure 5.8 that a large amount of the

CC1p1π+ events lie above and below the three tracks requirement. This is

backed up when the efficiency and purity are considered as a function of cuts

like those shown in Figures 5.10 and 5.11 for each FGD target.

The effect of requiring three tracks dramatically reduces the efficiency but at

the benefit of increasing the purity. Using this selection on actual data, equi-

valent to 1/10th of the Monte Carlo statistics, one would expect to see around

3True number of three forward-going track events for FGD1 can be found in Figure 5.3.
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Figure 5.11: Running Efficiency and Purity for the 3TPC sample where FGD2 is
the target.

70 signal events when using both FGDs. Clearly such a low yield would lead

to a large statistical uncertainty making any measurement statistically limited.

It is however possible using Monte Carlo to build δpTT distributions for each

FGD target from the respective samples.

5.4.2 FGD Contained Sample

Following the outcome of selecting 3TPC track events, the FGD Contained sample

is now discussed. Like in the 3TPC track case the event yield following each cut

is presented in Table 5.5. The first four cuts are identical to those in Table 5.4

however when two TPC tracks are required the events passing the cut is less than

that in the three TPC tracks case. Given the result of the truth study in Section 5.2

this difference is expected but may also be due to difficulties in FGD contained

track reconstruction.

The additional cut applied to the FGD Contained selection has a dramatic

effect on event rate in both FGDs. This cut effectively leaves this sample unusable

in this analysis as the hydrogen yield can only be determined using δpTT on a

statistical basis. This sample therefore has no use in the analysis.
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Cut
FGD1 FGD2

Events Signal (on H) Events Signal (on H)

No Cuts 1.43× 108 7343 (3467) 1.43× 108 8267 (4274)

Event Quality 1.43× 108 7343 (3467) 1.43× 108 8267 (4274)

Contains Tracks 1.41× 108 6432 (2717) 1.41× 108 7532 (3408)

Vertex Identification 497165 6432 (2717) 529196 7532 (3408)

Three Tracks 384676 5700 (2522) 381674 6490 (3106)

2 TPC + FGD Cont. 5091 351 (168) 2551 224 (106)

FGD Particle Id 3272 189 (81) 1784 144 (63)

Tracks Charges 373 47 (24) 100 12 (3)

Table 5.5: Summary of both FGD1 and FGD2 targets selection performance for
the FGD Contained sample using T2K’s NEUT Monte Carlo equivalent to 7.0×
1021 POT. Each step’s statistics is broken into events passing the cut and what
proportion of those events are signal. Here the signal is the topology, CC1p1π+,
and those that are on hydrogen (H) where phase space constraints are included.
Note that Cont. stands for contained tracks.

5.4.3 Summary

The two selections developed here indicate that we are able to identify signal

events, however only those fulfilling the three forward-going tracks topology are

statistically viable. The selection of this topology is however statistically limited

and had to compromise on purity to avoid the efficiency being too low. This

work analysed Monte Carlo equivalent to approximately ten times data POT.

If this selection was applied to T2K data from run periods one to seven the

resultant signal from both FGDs would yield around 70 events. This would

make any signal extraction using δpTT unfeasible due to the low purity and

limited statistics.
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Figure 5.12: Double Transverse Momentum distributions for the 3TPC Tracks
samples at T2K. The interactions are broken down into target nuclei where the
H-CC1p1π+ signal is overlaid highlighting where the signal component lies in
δpTT.

5.5 Transverse Variables

The selections developed here provides two usable samples for the reconstruc-

tion of δpTT, namely the 3TPC Track samples for each FGD target. Using these

two samples it is interesting to assess whether the hydrogen component is vis-

ible in either target. By applying the approaches defined in Chapter 3 to recon-

struct the neutrino’s direction, each FGD’s δpTT distribution is presented in Fig-

ure 5.12. In both cases the δpTT distribution is broken down into target nuclei

and the H-CC1p1π+ signal is overlaid to highlight where it lies. Note that the

H-CC1p1π+ signal is a subset of the hydrogen component in each FGD.

From Figure 5.12, it is clear that neutrino interactions on hydrogen produ-

cing the final state of interest can be seen in δpTT. This indicates that detectors

like ND280 have sufficient resolution for the δpTT variable to be useful when

measuring nuclear effects. There is a noticeable difference between the two

samples, firstly, the water in FGD2 (Figure 5.12b), increases the number of back-

ground events entering the distribution. The water target also increases the sig-

nal component and is therefore much more prominent in FGD2 than in FGD1

(Figure 5.12a).



CHAPTER 5. T2K ANALYSIS 111

Focussing on the H-CC1p1π+ distributions one should comment on the broa-

dening in δpTT between the two samples. This feature is due to the reconstruc-

tion capabilities of the detector as a perfect detector would lead to hydrogen

having a delta-function in δpTT. Hence this difference between each FGD implies

that FGD2 suffers from a larger mis-reconstruction of each tracks momentum.

One possible explanation of the broadening is down to FGD2 containing wa-

ter. When a global track is reconstructed in ND280, a TPC track is assessed to

see if it matches a track within the FGD. If a track is found to match then the

momentum of the whole track needs to be determined. During this process the

momentum of each detector is summed to produce the tracks total momentum.

Given the FGD reconstructs the momentum by range, the track’s length in the

FGD may be mis-reconstructed due to the passive water regions. This would lead

to a larger smearing effect resulting in the larger broadening observed in FGD2.

From Figure 5.12, it can be seen that T2K has the reconstruction capability

needed to identify neutrino interactions on hydrogen. However, if the signal

component is to be reliably determined the background shape needs to be con-

strained. Unfortunately, this is not possible using T2K alone as the heavy nuclear

background cannot be isolated and constrained independently from hydrogen.

Although work relying on knowledge gained from the CC0πNp (N > 0) ana-

lysis [100] was investigated and assessed to see whether the shape could be

constrained, it was found to be infeasible due to the different initial state model

used in CCQE-like interactions. NEUT uses a RFG for resonance production and

a Spectral function for CCQE processes making such comparisons impractical.

Therefore if hydrogen is to be measured at T2K external sources are needed to

help reduce uncertainties in the event yield. This possibility is investigated in

Chapters 6-8 using a similar final state topology.



Chapter 6

MINERνA Analysis: Signal

and Selection

We have seen from Chapter 3 that in the central region of δpTT carbon has large

disparities in the prediction of its shape. If the hydrogen measurement outlined

in Chapter 5 is to be realised at T2K the δpTT shape of the carbon background

needs to be understood. From the previous chapter we also learnt that the exper-

imental configuration of T2K without a pure carbon target will result in a large

systematic uncertainty due to our limited knowledge of the nuclear dynamics.

The shape of carbon in δpTT therefore needs to be constrained, not only to aid

in measuring interactions on hydrogen but to also improve our knowledge of

nuclear effects.

The MINERνA Experiment is an ideal detector at measuring the carbon shape

in Double Transverse Momentum for numerous reasons. Being situated in the

NuMi beam provides a higher energy neutrino flux enabling the production of

three-particle final states well above the production threshold. This improves

our ability to reconstruct such final states. Like T2K it also contains an active

tracker region made of plastic scintillator (8C8H) removing the need to rely on

any complicated extrapolation method to translate information to/from a heav-

112
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ier or lighter nuclei.

The following analysis is an extension of the recent measurement presented

by MINERνA on π0 production [68]. Although the final state is distinct from

that needed for measurements on hydrogen, we are taking advantage of our

understanding of the similar shape predictions in δpTT between the two final

states. Such an approach would be infeasible and impractical at T2K as con-

verted photons in ND280 are difficult to reliably reconstruct. Photons that do

convert have poorly reconstructed kinematics leading to reduced sensitivity in

measuring carbon’s nuclear dynamics.

We will analyse the Low Energy NuMi dataset consisting of a total collected

POT of 3.33 × 1020. The selection of signal-like events are the same for both

the analysis presented in Reference [68] and in the following chapters. Note

however that the signal definitions differ. The original signal definition and

updated signal are given in Section 6.1 where comparisons are made throughout

this chapter.

This chapter shall begin by outlining the signal definition under study in this

analysis. Using the same approach as in Reference [68] the selection of the final

state of interest shall then be introduced. The chapter culminates in defining the

methodology used to constrain the dominant backgrounds passing the selection.

6.1 Signal Definition

In order to constrain the background shape of δpTT in a composite nuclear target

containing hydrogen, a final state needs to be identified that passes the following

criteria:

• A muon neutrino-induced charged-current interaction,

• Must contain at least one pion,

• The interaction cannot occur via neutrino interactions on hydrogen,
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• A three particle final state for use in the construction of Double Trans-

verse Momentum,

• The final state must provide information on carbon’s δpTT shape.

Given these criteria it is clear that at the ‘bare’ neutrino-nucleon level, interac-

tions are required to occur on neutrons. This leaves only one readily detectable

final state from Table 3.1 to form our signal definition

νµ + n→ µ− + π0 + p. (6.1)

Although a final state containing a µ−, neutron and π+ could also be used, due

to the low detection probability of neutrons, such a signal would be statistically

limited.

The signal definition is further refined to account for the experimental set up.

Our measurement therefore looks for events on hydrocarbon within the active

tracker region of MINERνA whose fiducial volume is given in Table 6.2. Addi-

tional constraints are applied to the signal definition to account for MINERνA’s

detector acceptance. This places limits on the phase-space of various kinematics

in order to reduce model dependence. The kinematic constraints applied are

described in Table 6.1. The ‘reduced’ phase-space will lead to a fiducial cross

section measurement.

In summary our signal events are defined as originating from hydrocarbon

and contain a single µ− and at least one proton and π0 with any number of

neutrons outside of the nucleus. No other hadrons can be observed in the final

state and kinematic restrictions are placed on the out-going particles. The signal

definition would therefore include events whose ‘bare’ neutrino-nucleon inter-

action have undergone final state interactions as discussed in Chapter 2. Such

a signal definition shall be referred to as CCNpMπ0 throughout the remaining

chapters where N,M > 0 is implied throughout.
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Phase Space Constraints

Original [68] New

60.0 ≤ mγγ (MeV/c2) ≤ 200.0

θµ ≤ 25.0◦

1.5 ≤ Eν (GeV) ≤ 20.0 1.5 ≤ Eµ (GeV) ≤ 20.0

W ≤ 1.8 GeV 450 ≤ pp (MeV/c)

Table 6.1: Phase space constraints applied to the signal definition for use in the
measurement of a fiducial cross section. Original refers to those used in the 2017
paper [68] and new are the constraints applied in this analysis.

The signal definition outlined in Reference [68] looks for a similar final state

to what is being studied here; the key difference being the number of π0s. In

Reference [68] the analysis requires exacly one π0 whereas this work asks for

at least one π0. By requiring at least one π0 reduces model dependence as

the π0 multiplicity is poorly understood. This is due to our current, limited

knowledge of Final State Interactions. Note that Reference [68] does not require

a proton in its signal.

Additionally, neutrino generator specific signal definitions are removed from

our analysis. If we recall the invariant mass of the hadronic system, W, is gen-

erator specific as it is effected by FSI and the treatment of the transition region

between Resonance production and DIS. Given this, the constraint on W is re-

moved in our definition and it relaxes the requirement of isolating resonance

events. The resultant measurement will therefore be of a purely topological final

state.

Finally, defining a neutrino energy (Eν) range complicates the problem as

it can only be reconstructed using the visible energy and particles identified

in the detector. This becomes a highly degenerate problem as many different

combinations of final state kinematics can lead to a single neutrino energy. As

a result, the acceptance for the various associated phase-spaces need to be well
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understood. It is also complicated by the missing energy from neutral particles

in the detector and relies on model dependence to account for this. We therefore

ignore any Eν considerations in our signal definition.

6.2 Event Selection

The selection presented here is identical to that outlined in the 2017 π0 ana-

lysis [68]. From Reference [68] we use the ‘delta-rich’ selection where a proton is

required. This sub-sample forms the basis of the selection of the CCNpMπ0 sig-

nal definition. Given this, the following is an overview of the selection used to

identify candidate events along with the relevant sidebands used to constrain

the dominant backgrounds.

The selection of CCNpMπ0 candidates in MINERνA comprises of six analysis

steps which have been optimised in order to maximise both efficiency and purity.

The schematic in Figure 6.1 provides a clear outline of the analysis flow used.

Beginning from the first requirements, an explanation of each step follows.

6.2.1 Time Slicing

The configuration of the NuMi beam provides a large interaction window within

which neutrinos produced at the target can interact inside MINERνA. The ex-

periment starts recording data 1 to 2 µs before a single spill of up to 10 µs is

expected, acquiring data over a total duration of 16 µs. A total duration of 16

µs is known as a gate. During this period, multiple interactions can occur and

therefore require separation in time for individual interactions to be identified.

Multiple interactions are separated via a time slicing algorithm which ana-

lyses all hits in a gate and groups them according to their time. A single time

slice is identified as starting when a hit above 10 photo-electrons (PE) is observed

and ends once the last hit is below 10 PE. This can be seen in Figure 6.2 where
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𝛑0 Identification
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Signal
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Figure 6.1: Analysis flow for the selection of the signal sample along with ad-
ditional samples used to constrain the dominant backgrounds. Further details
of Michel Tagging can be found in Section 6.2.6. Note that the Michel Tagged
Sample doesn’t require protons but in cases where a proton like track has been
identified it must pass the proton pID.
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Figure 6.2: Different colours represent the numerous time slices identified during
a single gate of 16 µs. Each time slice has an individual colour. For example,
at around 6 µs an interaction has been identified and the time slicing algorithm
highlights this in green.

a single gate of MINERνA is presented during which it receives a NuMi beam

spill. The different colours specify various time slices identified by the algorithm.

6.2.2 Vertex Position

By default the vertex position is defined as the start position of the muon-like

track. The muon-like track is identified by the standard reconstruction algorithm

from which this selection is based on. This vertex position is further refined by

requiring it to lie within the reconstruction volume.

Once a vertex candidate is identified it is assessed to see if short tracks sur-

round the vertex. If additional short tracks are found the vertex is re-evaluated

to account for the additional information provided by the extra tracks. Finally

a fiducial volume cut is performed to ensure that the interaction vertex is well

within the active tracker region. This fiducial volume cut increases the probabil-

ity of interacting on a hydrocarbon target. Both the reconstruction and fiducial

volumes are provided in Table 6.2.

6.2.3 Muon Selection

Negatively charged muons are identified by requiring the track to have a match-

ing track in the MINOS detector. This requirement allows the charge and mo-
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Volume Apothem (mm)
Z Region (mm)

Upstream Downstream

Reconstruction 1000.00 5810.00 8600.00

Fiducial 850.00 5991.37 8363.92

Table 6.2: Detector volumes used to identify candidate vertices. The apothem is
defined as the distance between the centre of a hexagon (or MINERνA’s central
axis) to the midpoint of its side.

mentum of the track to be determined, but confines our events to have only

very-forward going muons. This is why the signal definition has a low muon

angle cut applied.

6.2.4 Proton Identification (pID)

Following the recognition of short tracks within the reconstruction volume each

track’s dE/dx profile is compared with those of a proton or charged pion hypo-

thesis. If any of the tracks fail to be compatible with either hypothesis, the event

is rejected. If the four-momentum of the track cannot be determined it is also

removed from the selection.

Proton-like tracks are identified by considering their dE/dx profile based on

MC simulations. The test statistic used to select proton candidates is a Log

Likelihood Ratio (LLR) and can be seen in Figure 6.3. Only tracks whose LLR

score is greater than −5.0 are classified as proton-like tracks and pass onto the

next stage of the selection.

6.2.5 Neutral Pion Selection

Prior to reconstructing π0-like objects in MINERνA, a set of global checks are

performed on energy not associated to any reconstructed tracks. Each event

must fulfil the following criteria for it to pass the pre-checks.
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FIG. 4.8: Proton Score based on the log likelihood ratio (LLR) for dE/dx profile.
Events having a proton score greater than -10 are selected for the final sample.

reconstructions, and removes events in three different conditions. Firstly, events

are removed if the visible energy in the nuclear targets is greater than 20 MeV.

This analysis uses neutrino interactions in the tracker region only; activity in the

nuclear targets is likely due to a neutrino interaction on a nuclear target or due to

a rock muon. Rock muons are created inside the earth, upstream of the detector

by the NuMI beam. They must be removed in this analysis. Secondly, events are

removed if the unused visible energy in the MINERvA detector (Tracker, ECAL and

HCAL) is less than 50 MeV. It is not possible to obtain meaningful results from the

p0 reconstruction algorithm for the events having unused energy less than 50 MeV.

(Available energy is much lower than the p0 rest mass of 135 MeV). Finally, events

are also removed if the unused visible energy in the MINERvA detector is more than

2500 MeV. Such events are not likely to have a single p0 in the final state. This

specific selection removes most of the multi-pion DIS background events.

If an event satisfies all of the pre-filter selections, further quality selections are ap-

plied after the p0 reconstruction. It is required that the p0 reconstruction algorithm

finds exactly two electromagnetic (EM) showers reconstructed inside the MINERvA

detector. This event selection uses the ⇡0 ! 2� decay channel whose decay fraction

is 98.82%. There is a shower direction selection applied to all events with two EM
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FIG. 4.8: Proton Score based on the log likelihood ratio (LLR) for dE/dx profile.
Events having a proton score greater than -10 are selected for the final sample.
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p0 reconstruction algorithm for the events having unused energy less than 50 MeV.
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are also removed if the unused visible energy in the MINERvA detector is more than

2500 MeV. Such events are not likely to have a single p0 in the final state. This

specific selection removes most of the multi-pion DIS background events.

If an event satisfies all of the pre-filter selections, further quality selections are ap-

plied after the p0 reconstruction. It is required that the p0 reconstruction algorithm

finds exactly two electromagnetic (EM) showers reconstructed inside the MINERvA
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is 98.82%. There is a shower direction selection applied to all events with two EM
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Figure 6.3: The Log Likelihood Ratio for proton and pion dE/dx hypotheses
define the proton score. Events whose score is above -5 pass the proton hypo-
thesis. Adapted from Reference [101].

• Unused energy must exceed 50 MeV in the Tracker and/or Calorimeters in

order to pass the pre-checks.

• If energy above 20 MeV is observed in the nuclear targets region the event

is rejected.

• Events are rejected if deposits of energy above 2500 MeV are observed any-

where in MINERνA.

These constraints remove events which are either unlikely to be signal-like or fail

to be used in the π0 reconstruction algorithm. The algorithm used to identify

π0s searches for the dominant decay channel, π0 → γγ, whose branching ratio

is 98.82% [22]. By requiring exactly two EM showers within MINERνA, checks

are made on their directionality ensuring that they are consistent with originat-

ing from the interaction vertex. This is achieved by fitting a straight line from

the vertex position to the energy deposits forming each EM shower. The line

determined from the fit is used in unison with the EM shower energy to recon-

struct the photon’s momentum. The topology of the photon pair forming the

π0 candidate is then examined to require the following features
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• The leading, high energy photon, γ1, must start at least 14 cm away from

the vertex.

• The sum of the two EM showers (E1 + E2) and the cosine of the opening

angle (cos θγγ) are required to be more than 400 MeV and less than 0.95.

• The two-photon invariant mass must be within 60 and 200 MeV/c2.

Applying these requirements ensures that mis-reconstructed events along with

background dominated regions of phase-space are removed from the selection.

6.2.6 Michel Tagging

Events containing charged pions are removed by checking for the absence of

Michel electrons – a well defined time structure of a π+ decay. This is achieved

by searching for energy deposits shortly after the main interaction takes place

and considers various positions in the event. It first looks around the primary

vertex before checking track end-points. Finally by searching at the start and end

point of the EM showers verify that no Michel-like properties exist in the event.

6.2.7 Kinematic Checks

As defined in Section 6.1, the signal definition has phase space restrictions to

account for the detector acceptance. These were determined by knowing the

physical limits of the detector for each particle type and assessing the effect of

placing constraints on the true kinematics. For example, the two photons pro-

duced from the π0 decay have checks placed on both the energy and opening

angle. These restrictions were placed on the true kinematics but showed neg-

ligible change in the predicted event rate. It was therefore decided that such a

kinematic constraint was not necessary in our signal definition.
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Cut Total Events Signal Efficiency (%) Purity (%)

No Cuts 2294530 283614 100.00 12.36

Vertex Position 2294530 197734 69.72 8.62

Muon ID 2285850 197597 69.67 8.64

Proton ID 1246790 146669 51.71 11.76

π0 ID 173416 50481 17.80 29.11

Michel Tag 106518 40684 14.34 38.19

0 ≤ Eµ (GeV ) ≤ 20 100617 40326 14.22 40.08

60 ≤ mγγ (MeV/c2) ≤ 200 53628 27103 9.56 50.54

Have Proton 31212 16038 5.65 51.38

Table 6.3: Summary of the selection performance of the Signal sample searching
for CCNpMπ0 final states where M, N > 0. The total number of events passing
each cut along with the signal contribution (CCNpMπ0) is given. The change
in efficiency and purity is also presented. These figures were produced using
Monte Carlo equivalent to 2.22× 1021 POT.

6.2.8 Selection Performance

Using the purity and efficiency metrics defined in Section 5.4 each cut is assessed

in order to understand the effectiveness of selecting CCNpMπ0 events. This is

summarised in Table 6.3. Note the order of the cuts here. The proton kinematic

cut is included in the Proton ID and the requirement of having a final state pro-

ton is checked last. This is a facet of extending on the analysis in Reference [68].

From Table 6.3 there are three cuts which have a dramatic effect on our abil-

ity to select CCNpMπ0 final states. They are the π0 ID, Michel tag and in-

variant mass cut. We see that MINERνA looks to reliably identify one in three

π0 events. This low efficiency is caused by MINERνA’s inability to separate

photon showers. Although this cut induces a large reduction in the efficiency,

the purity is increased substantially.

Michel tagging is particularly effective at removing charge pion backgrounds
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resulting in a 31% improvement in the purity. The final cut which has a sub-

stantial effect on the purity is the invariant mass constraint. This yields a further

25% improvement in purity but at the loss of a third in the efficiency.

By comparing the two different signal definitions, the 2017 paper [68] has a

smaller efficiency than this analysis (5%). We also observe a marginally better

purity when using our signal definition. The 2017 paper [68] using the same

selection leads to a 50.7% purity whereas our signal definition results in a 51.38%

purity [101]. These are expected given the old signal definition, requiring exactly

one π0 is a sub-sample of the signal used here.

Although the selection is capable of identifying signal events with a purity of

51.38%, approximately half of the events passing the selection criteria are back-

ground. It is useful to consider how the background component breaks down

both in terms of topologies and interaction modes. Let us begin by splitting the

background topologies into four categories

• π0 with charged mesons – Events which contain at least one π0 and any

number of charged mesons. If a signal event fails to fulfil the kinematic

constraints outlined in Table 6.1 they fall into this category.

• Charged mesons – Final states which include only charged mesons.

• Zero mesons – Topology containing zero mesons where the final state pre-

dominantly consists of nucleons.

• Other – Events failing to fulfil any of the above criteria. Also included are

signal events which are out of acceptance.

Given these background definitions, what is our background composed from?

Table 6.4 and Figure 6.4 indicate that the dominant background topology is

‘Charged mesons’. This is closely followed by ‘π0 with charged mesons’ and

‘Zero meson’ whose contribution are very similar. Although the purity in the
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Sample Entries
Topology (%)

Signal π0 w/ q± q± mesons Zero mesons Other

Signal 57884 36.10 17.56 25.30 17.77 3.27

Michel 19982 4.47 40.61 51.17 1.66 2.09

pID Fail 31667 11.70 24.24 56.24 6.39 1.44

Table 6.4: Breakdown of the true topologies passing the selection along with
the expected number of events for each sample. Here we consider entries whose
invariant mass lie within 0 ≤mγγ (MeV/c2) ≤ 500 and the signal topology has no
invariant mass cut applied. Note q± denotes charged mesons and that a Monte
Carlo dataset equivalent to 2.22× 1021 POT was used.
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as the Monte Carlo prediction.

signal invariant mass range is 51.38% Table 6.4 shows a smaller purity as it in-

cludes events spanning 0 ≤ mγγ(MeV/c2) ≤ 500. These substantial background

contributions need to be constrained given our limited knowledge of cross sec-

tion models.
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6.2.9 Additional Samples and Sidebands

It is clear from Table 6.4 that there are three backgrounds which dominate the

signal region. These are π0 with charged mesons, charged mesons and zero

mesons. If they are left unconstrained and their relative contributions to the

signal region are reliant on Monte Carlo predictions alone, the final cross section

result will be highly model dependent and may result in larger uncertainties.

It is therefore necessary to define additional samples that provide information

on the relative background contributions. Individually, each sample should be

statistically rich in a particular background type. This is achieved by selecting

events which fail certain cuts already introduced.

In Figure 6.1, the analysis flow for the selection of the respective sideband

samples is also outlined. There are a number of minor differences applied to

either maximise statistics or improve the background purity for a given sample.

Firstly, the Michel sample requires a Michel-like signature in the event however

unlike the signal sample does not require events to have a proton track. If an

event does contain a proton it must be proton-like and pass the LLR score. This

results in a sample rich in charged mesons as seen in Table 6.4 where both topo-

logies containing charged mesons dominate.

The second sample, pID, provides information on the charged meson con-

tribution and contains events which fail the proton LLR score. Note that this

and the Michel sample do not require any kinematic constraints on the had-

ronic final state. Finally, using the high (200 ≤ mγγ(MeV/c2) ≤ 500) and low

(0 ≤ mγγ(MeV/c2) ≤ 60) invariant mass regions in the signal sample gains an

insight into the zero mesons background.

In summary, there are a total of three samples that will be used to gain an

insight into the relative contributions from the dominant backgrounds. These

are the Signal, Michel and pID samples each passing their own selection criteria

summarised in Figure 6.1. The signal sample must however be used with care



CHAPTER 6. MINERνA ANALYSIS: SIGNAL AND SELECTION 126

when trying to understand the backgrounds. This is because we want to use the

additional samples and sidebands to extrapolate what has been learnt about the

background in the signal region. Therefore, only part(s) of the Signal sample can

be used that contain a small signal component.

6.3 Monte Carlo Tuning

Until now we have only discussed the results of Monte Carlo predictions, which

at the time of production may not fully describe the data today. This could be due

new physics models like 2p2h that had not been fully integrated into the neut-

rino event generator or more recent measurements of the neutrino flux providing

a better insight into its behaviour. The Monte Carlo prediction therefore needs to

be updated in order to incorporate changes given a more ‘up-to-date’ knowledge

of the experimental set up and physics models.

Although one could reproduce the simulation to include such changes it is

generally unfeasible due to the timely and costly process of Monte Carlo produc-

tion. The approach popularly used to include additional effects is to reweight

the Monte Carlo following some constraint provided by either external measure-

ments or the outcome of internal cross section results.

Reweighting is integrated into the analysis on an event-by-event basis. Each

event has a weight that is determined using a set of multiplicative weights each

incorporating a different response to the nominal Monte Carlo. A full discussion

of how the various weights were determined is beyond the scope of this thesis

but for completeness shall be summarised here.

• Flux Tuning – This accounts for numerous effects that change the flux dis-

tribution. These include horn geometry corrections, beam focussing and

external constraints from hadron production experiments [102].

• Delta Non-isotropy – GENIE’s implementation of the Rein-Seghal model
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assumes the delta decays isotropically in the delta’s rest frame. This changes

the angular distribution of the decay products of ∆++ resonances to ac-

count for the non-isotropic nature of the decay [103, 104].

• Resonance Production Normalisation – Improvements to GENIE’s nom-

inal normalisation for resonance and non-resonance single pion production

is implemented following re-analysis of bubble chamber data. See Refer-

ence [105] for more details.

• Delta low-Q2 Suppression – Following re-analysis of charged-current in-

teractions at MINOS from Reference [61] a Q2 suppression is applied to

resonance production. The suppression is believed to be a nuclear effect

like RPA which reduces the cross section at low Q2.

• 2p2h MINERνA Constraint – Following the recent MINERνA result in Ref-

erence [91] 2p2h event weights are calculated using the tune developed by

Rodrigues et al. within the MINERνA collaboration.

• Tracking Efficiency Correction – A correction is made dependent on each

data run and accounts for the track matching efficiency between MINERνA

and MINOS.

In certain circumstances where it is not possible to reweight the Monte Carlo,

a new production is required. This was the case for 2p2h interactions as it was

not included in the nominal event generator at the time of original production.

A second Monte Carlo dataset was produced using a 2p2h model developed by

Nieves et al. that includes RPA correlations. The 2p2h production is included

as a second Monte Carlo dataset which is passed through the same analysis

framework as the nominal prediction.

The additional Monte Carlo events, although 2p2h interactions, are tagged

using the same definitions as those used for the signal and background already

discussed. This enables us to correctly identify the final state emitted from the
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nucleus and not at the bare neutrino-nucleon level. The 2p2h dataset has a

different POT than the nominal Monte Carlo which is also incorporated into

the analysis ensuring correct POT scaling is achieved. Going forward Monte

Carlo shall refer to the combined nominal and 2p2h Monte Carlo datasets which

have been ‘tuned’ following the changes to Monte Carlo defined above unless

stated otherwise.

6.4 Background Constraints

Having determined sideband samples that may provide constraints on the dom-

inant backgrounds, it is now necessary to outline the fit procedure used to per-

form such a task. It is first necessary to identify a kinematic distribution available

to all samples that could be used by the fit. The two-photon invariant mass dis-

tribution was chosen as it fulfils the requirement of being reproducible by all

samples. Ideally one would use δpTT to perform the background constraints

leading to a one-to-one mapping of the backgrounds onto the variable of interest.

Unfortunately, the Michel sample does not require a proton-like track and is also

statistically limited making δpTT infeasible to be used as the variable to perform

the fit.

The mγγ invariant mass distribution to be used to constrain the various back-

grounds can be seen in Figure 6.5 for each sample. Here the distributions use

a constant bin width of 10 MeV leading to each sample containing 50 bins. The

data points in Figure 6.5 have been set to be ‘Nominal MC’, i.e. identical to the

Monte Carlo prediction. As mentioned in Section 6.2.9 only part of the Signal

sample is used in the fit, namely, the low and high mγγ regions. One can see that

the two sidebands in the Signal sample are dominated by background and can

therefore be used in the fit.

The dominant backgrounds are constrained by performing a χ2 fit to data

where for each background a scaling parameter, cj, is to be determined. This
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Figure 6.5: The invariant mass distributions for the Signal (left), Michel (right)
and pID (right) samples. Note that the Signal sample only considers the region
outside 60 ≤ mγγ (MeV/c2) ≤ 200.

parameter simply scales the respective background Monte Carlo prediction given

the data. Defining the χ2 to minimise as

χ2 =
N

∑
s=1

χ2
s , (6.2)

where s spans the Signal, Michel and pID sideband samples (hence N = 3)

whose individual Pearson χ2 can be described by

χ2
s =

M

∑
i=1

(
ND

i − NMC
i
)2

NMC
i

, where NMC
i = RPOT

5

∑
j=1

cjNj,i. (6.3)

The superscript D denotes Data and MC represents the Monte Carlo prediction

to be constrained. For each bin i in the respective samples the Monte Carlo pre-

diction consists of a POT scaling term, RPOT, accounting for the difference in

collected POT to the Monte Carlo sample size.

Each model component, j, has an associated scaling parameter cj which are

common to all samples leading to a total of five scaling parameters. This implies

that each component has its own scaling term which is indeed the case, however

when the fit is performed the terms relating to the Signal and Other are fixed.



CHAPTER 6. MINERνA ANALYSIS: SIGNAL AND SELECTION 130

Therefore the fit reduces to determining three free parameters, one for each of

the dominant backgrounds, namely, π0 with charged mesons, Charged mesons

and Zero mesons. Using the definition for the number of degrees of freedom

(ndf) as

ndf = NData − NPar − 1, (6.4)

where in our case NData is the total number of bins used to determine the number

of free parameters, NPar, in the fit. This leads to the total ndf equal to 135 as each

sample contains 50 bins with the exception of the signal sample which ignores

the region spanning 60 ≤ mγγ (MeV/c2) ≤ 200 reducing it to 36 bins.

A number of studies were undertaken to assess the performance of the fit

allowing us to understand if any bias is observed and the coverage of the result

is consistent with expectation. This began with a closure test, fitting the Monte

Carlo to itself where, as expected, the fit converged with a χ2 of zero and found

unity scaling terms. The second two tests rely on repeating the fit procedure

many times where for each fit parameter, j, the ensemble of fit results is assessed

by considering its pull, pj

pj =

(
xfit

j − xexp
j

)
σj,fit

. (6.5)

Here xj defines the parameter value, ‘exp’ refers to the expectation value for the

‘fit’ result whose uncertainty is given by σj,fit.

Reliable fit results are expected to populate each parameters pull distribu-

tion so to have a mean of zero and a RMS of one. Given that both tests are

essentially Monte Carlo to Monte Carlo minimisation procedures the expected

χ2/ndf should be unity if the fitting technique is functioning correctly. For each

pull study, the Monte Carlo is scaled to simulate the MC/data POT difference

where MC is approximately seven times (15% of Monte Carlo POT) collected

POT. Note that the MC is acting as data in the following studies and is defined

as ‘fake data’.
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Figure 6.6: Pull distributions determined for each free parameter in the statistical
fluctuation study using 2.22× 1021 POT Monte Carlo statistics. Here both the
Fake Data and Monte Carlo are scale to 15% of their original size in order to
simulate fitting with actual data statistics. The background results for π0 and
mesons (left), Charged mesons (centre), Zero mesons (right) are presented.

6.4.1 Statistical Fluctuations

The first test considers 1000 Poisson fluctuations of the fake data and compares

the fitted xj to unity as the relative background rates should be the same for both

fake data and Monte Carlo. For every Poisson toy, each data sample is varied

following Poisson statistics before performing the fit. The scaling parameters

determined by the fit are then used to produce the pull results.

The outcome of the statistical fluctuations is presented in Figure 6.6 and res-

ulted in the mean χ2/ndf ∼ 1. Here the pull results for the ensemble of 1000

statistical variations is given for the scaling parameters relating to the three back-

grounds. In each case the RMS is within 2% of expectation indicating that the

statistical fluctuations are being varied correctly. There is a minimum bias ob-
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served for the charged mesons cj whereas the π0 and mesons and Zero mesons

parameters have a non-negligible bias. The former π0 and mesons term looks

to be under estimated and looks to result in the Zero mesons cj absorbing this

reduction by being increased in the fit.

6.4.2 Systematics Effects

The second study performed reviews systematic effects associated to detector

modelling, flux prediction along with uncertainties in the interaction model and

nuclear dynamics predicted by the Monte Carlo generator. Full details of the

systematics will be outlined in Section 7.2 and will be defined as ‘universes’ for

the duration of this discussion.

A systematic universe comprises of the nominal Monte Carlo where a single

systematic variation is applied to the prediction. This results in an alternative

Monte Carlo which has been modified following the systematic effect. In total

there are 1190 universes considered in this study.

Given that the Pearson χ2 asks ‘how well does a given model with some

associated uncertainty fit to data’ the fake data therefore remains unchanged;

hence in each universe, variations are made to Monte Carlo prediction before

the fit is performed.

In contrast to the statistical study, the systematic study uses the integral of

events in the signal region when calculating the pull. The expectations for the

various backgrounds therefore remains unchanged however in each systematic

universe it will have a different prediction for the relative signal and background

components. Given this, the fit result is constructed by taking the integral in the

signal region for said background, j, and multiplying it by its scaling factor, cj.

Similarly, the uncertainty uses the same integral but scales it by the error on the
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Figure 6.7: Pull distributions determined for each free parameter in the system-
atic variations study using 2.22× 1021 POT Monte Carlo statistics scaled to data
equivalent POT (approx. 15% MC POT). The background results for π0 and
mesons (left), Charged mesons (centre left), Zero mesons (centre right) and Total
background (right) are presented.

scaling parameter. These are given explicitly by

xfit
j = cj

Nbins

∑
k=1

Nj,k, σj = σcj

Nbins

∑
k=1

Nj,k. (6.6)

The results of the systematic bias study is presented in Figure 6.7 and in-

cludes an additional pull distribution which assesses the total background bias.

In comparison to the statistical study one can immediately see that the RMS does

not follow Gaussian statistics but the χ2/ndf is found to be situated around unity.

Given this study considers systematics variations the interpretation here differs

as the variations may not, as an ensemble of toys, be Gaussian distributed result-

ing in the observed RMS. This indicates that the RMS has no physical meaning

in this study and therefore the key guide is the mean of each distribution.

It can be seen from Figure 6.7 that 59% of the universes correctly determine

the respective background component resulting in the observed Dirac-delta like
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peak centred at zero. The mean of each pull are also seen to be close to zero

indicating minimal bias is introduced when systematic variations are considered.

This is supported by the total background pull which is determined by summing

the xfit
j background terms and adding the uncertainties, σj, in quadrature. We

see that the total bias from fits to all systematics universes is approximately 3%

which is acceptable given the systematic uncertainties of O(5%) will encompass

this bias (see Section 7.2 for discussion on systematics).

6.4.3 Data Constraint

Having understood the fit procedure using Monte Carlo studies, it is now time

to perform the background constraint on data. Prior to performing the fit the

‘tuned’ Monte Carlo is scaled by RPOT = 0.15 in order to account for POT differ-

ences between data and Monte Carlo. Using a total of 3.33× 1020 POT collected

during the Low Energy data taking period the input data and Monte Carlo can

be seen in Figure 6.8. Each sample is considered and below each distribution the

ratio between data and Monte Carlo is presented. Note that in the ratio the black

data points are data/data and the red crosses represent data/Monte Carlo.

Using the inputs presented in Figure 6.8 the background constraint is per-

formed, resulting in the post-fit distributions in Figure 6.9. The χ2/ndf between

the data and Monte Carlo having performed the fit was found to be 1.46 which

is a reduction of around 10% when compared to the pre-fit value of 1.57. This

indicates that the Monte Carlo/data agreement has improved when the back-

ground components are scaled using the values in Table 6.5. These fit results

were determined in the minimisation procedure.

As expected the difference between the pre and post fit invariant mass dis-

tributions is small given the marginal improvement in the χ2/ndf. There is

however a noticeable improvement when the data/Monte Carlo ratios are com-

pared for each sample. In particular, the signal region bound between 60 ≤
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Figure 6.8: The input invariant mass distributions used to constrain the three
dominant background components. The Signal sample is shown on the left, in
the centre the Michel sample is given and the pID sample on the right. The
collected data POT is 3.33× 1020.
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Figure 6.9: The scaled Monte Carlo invariant mass distributions following the
background fit for the Signal (left), Michel (centre) and pID (right) samples. The
collected data POT is 3.33× 1020.
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Scaling Parameter Fit Result Error (±)

π0’s and mesons 0.924 0.056

Charged Mesons 1.122 0.046

Zero Mesons 0.670 0.094

Table 6.5: Fit results determined for the Monte Carlo scaling parameters when
fitting to data totalling 3.33× 1020 POT.

mγγ (MeV/c2) ≤ 200 in the Signal sample indicates good agreement between

data and Monte Carlo.

Given this work is an extension to the analysis in Reference [68], it is pos-

sible to compare our results given the difference in the signal definition and

further requirement of a proton in the signal sample. In both analyses all the

backgrounds scale in the same way; the charged meson component increases

whereas the π0 with mesons and zero mesons contribution decreases. They do

not however fully agree with one another’s fitted values.

The zero meson contribution in Reference [68] was determined to be 0.47±
0.05 and more than three sigma less than that found here. A similar difference

was observed for the π0 with mesons where they measured it to be 0.83± 0.05.

Such a difference in the resultant scaling terms is somewhat expected given the

differences in signal definition. This is perhaps due to the relaxation on the

requirement of exactly one π0 to at least one π0. Firstly, this can now lead

to final states which would have been a background in Reference [68] becoming

signal in the analysis presented here. There is also the added issue of introducing

model dependence when requiring exact one π0 as hadron multiplicities are not

well understood in Final State Interactions.

Until now, we have only considered the two-photon invariant mass distri-

bution. It is therefore interesting to assess the change to the δpTT distribution,

before and after the background constraints have been applied. This can be
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seen in Figure 6.10 and as expected the variation between the pre and post fit is

small. The distributions in Figure 6.10 include the reconstruction improvements

and choice of analysis binning determined in the next chapter.

The backgrounds are stacked in order of size in Figure 6.10 starting with

the least dominant at the bottom, to the dominant background at the top. One

can see that the fit leads to the Zero mesons component becoming the smallest

background. Like in the invariant mass distributions the ratio between data and

Monte Carlo provide the most notable change. The overall reduction in back-

grounds move the Monte Carlo closer to the data in the central region between

±200 MeV/c but leads to a lesser agreement in the tails.
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Figure 6.10: The pre (left) and post (right) fit δpTT distribution are broken down in
to signal and background topologies using a collected data POT of 3.33× 1020.
Note here that the reconstruction improvements have been performed in the
construction of δpTT. A full discussion of the reconstruction improvements shall
be discussed in Chapter 7.



Chapter 7

MINERνA Analysis: Recon.

and Systematics

Following the selection of CCNpMπ0 final states and the background constraints

determined in the previous chapter the reconstruction and systematics used in

the MINERνA analysis are discussed. Composite variables like δpTT require

good momentum reconstruction as mis-reconstruction could lead to mimicking

the physics of interest. We shall begin by introducing the default reconstruc-

tion of δpTT before discussing our approach to improving the kinematic recon-

struction of final states. This chapter shall close with a review of the relevant

systematics included in this measurement.

7.1 Reconstruction

Using the default momentum reconstruction in MINERνA, the reconstructed

Double Transverse Momentum is presented in Figure 7.1a and compared with

that of its underlying true distribution. This uses the procedure outlined in Sec-

tion 3.4 to reconstruct the neutrino’s direction. It is clear that the standard recon-

struction used at MINERνA results in a large spreading effect and is highlighted

138
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(b) Smearing matrix of δpTT indicating
a large spreading effect in the tails of δpTT.

Figure 7.1: Double Transverse Momentum distribution using the default recon-
struction algorithms in MINERνA.

by Figure 7.1b. Here the smearing effects of the reconstruction can be seen.

There are a number of notable features observed in the smearing matrix of

δpTT; possibly the most significant being the increasing broadening in the tails of

the Double Transverse Momentum distribution. It is also brought to our atten-

tion the presence of an S-shape in Figure 7.1b which implies that the magnitude

of δpTT is being overestimated resulting in a large spread in δpTT. Finally, a less

obvious feature is the resolution available using the default reconstruction and

suggests that an increased bin size would reduce bin-to-bin migration.

The current reconstruction needs to be improved as it could lead to detector

effects mimicking physics phenomena and, we also want to be less model de-

pendent in our migration from the reconstructed to the true distribution. There-

fore our aim is to improve the reconstruction of our final state particles used to

reproduce δpTT in order to construct a more diagonal smearing matrix.
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Figure 7.2: True δpTT vs. True δpTT.
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Figure 7.3: Reconstructed neutrino dir-
ection results in minimum smearing in
δpTT.

7.1.1 Truth Swapping

Identifying the underlying kinematics that lead to the greatest effects in the mis-

reconstruction of δpTT began by performing a truth-reconstruction swapping

study in Monte Carlo events. Such a study began by constructing δpTT using

only the true kinematics of the system such as the true neutrino direction and

momentum of the µ−, p and π0.

Following the procedure in Figure 7.1b where the true distribution is com-

pared to the reconstructed distribution, we begin with all the reconstructed

quantities replaced by Monte Carlo truth and hence the distribution is diagonal

like in Figure 7.2. Then by replacing one of the final state kinematic quantities

with its reconstructed counterpart, it is possible to assess the smearing effect of

the reconstructed variable.

It is possible to delve further into where the mis-reconstruction lies by break-

ing the momentum into its constituent parts, namely, the magnitude and direc-

tion. By swapping the true variables it is possible to deduce which variable has

the largest effect i.e. which can subsequently be studied to determine where re-

construction improvements need to be investigated further. Starting from the ref-

erence point of the diagonal smearing matrix of the true-δpTT vs. true-δpTT (Fig-

ure 7.2), comparisons of the swapped reconstructed particle kinematics can be
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seen in Figure 7.3 for the reconstructed neutrino direction, Figure 7.4 for muon

kinematic variables, Figure 7.5 for the proton and Figure 7.6 for the π0.

Clearly the hadronic system is least well reconstructed. We can see from Fig-

ure 7.5 that the reconstructed direction of the proton causes the greatest smear-

ing effect whereas the opposite is observed in Figure 7.6 for the π0; the smear-

ing is dominated by the calorimetric mis-reconstruction. Having attributed the

proton’s momentum mis-reconstruction to the estimation of its direction, any

improvements in measuring this quantity are not possible. This is because the

direction is limited by the detector’s resolution and so require a detector redesign

for improvements to be seen. In fact, this is true for all tracks and showers and we

are therefore limited to developing improvements via a more refined approach.

7.1.2 Proton Quality Cuts

Our limited ability to improve MINERνA’s direction and dE/dx determination

requires a more sophisticated approach to improving the proton’s momentum.

By taking advantage of our knowledge of the underlying physical principles of

particles traversing through matter, it is possible to identify and remove protons

which inelastically scatter within the detector. In inelastic scatters such as pA→
nA′, the tracked proton’s range is incorrectly determined and results in protons

having a smaller measured dE/dx.

The approach here is to remove events where protons inelastically scatter

inside MINERνA. This should result in an improved reconstruction of the pro-

ton’s momentum. Let us begin by recalling how MINERνA is constructed. The

detector is predominantly built using X, U and V planes made of scintillator

bars. As a charge particle travels through the detector it deposits energy in each

plane’s scintillator bars. These act as measurement nodes of a tracks trajectory

and can be seen schematically for the proton in Figure 7.7. Here we depict a

proton moving through numerous X, U and V planes as it deposits energy into
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Figure 7.4: Effect of replacing the muon’s true kinematic variables with their
reconstructed counterpart. The three-momentum (left) is further broken down
into reconstructed Energy (centre) and direction (right).
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Figure 7.5: Effect of replacing the proton’s true kinematic variables with their
reconstructed counterpart. The three-momentum (left) is further broken down
into reconstructed Energy (centre) and direction (right).
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Figure 7.6: Effect of replacing the π0’s true kinematic variables with their recon-
structed counterpart. The three-momentum (left) is further broken down into
reconstructed Energy (centre) and direction (right).
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Figure 7.7: Schematic of last 6 measurement nodes for a proton track. U, V and
X denote the plane in which the measurement node lies.

measurement nodes.

Removing inelastically scattered events is achieved by first requiring that each

proton track has deposited energy in at least six measurement nodes. For the

inelastically scattered events the energy deposited in a node will be less than

those from elastically scattered events and the amount of energy should be in-

dependent of the proton’s momentum. Hence one can determine a threshold at

each measurement node by considering the ratio of true to reconstructed mo-

mentum vs. energy deposited. One observes that above some energy threshold

the ratio is flat indicating that the proton has elastically scattered. This can be

seen in Figure 7.8, where the proton’s reconstructed to true momentum ratio is

presented as a function of node energy. The node presented here is furthest most

measurement point from the end-point or Q5 in Figure 7.7.

Starting from the Q5 node, the ratio and deposited energy is assessed to

determine the minimum amount of energy required to pass the cut. This process

is applied to each measurement node where in the case of the last two nodes,

Q1 and Q0 are summed before determining the threshold. All nodes must pass

their respective thresholds for the event to be used in the analysis. The relevant

node energy distributions along with their cumulative distribution are presented

in Figures 7.8-7.13 from which the thresholds in Table 7.1 are determined.
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Figure 7.8: Q5 Node Energy.
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Figure 7.9: Q4 Node Energy.

Q3 Node Energy (a.u)

0 5 10 15 20 25 30 35 40 45 50

 P
D

F

0

0.2

0.4

0.6

0.8

1

1.2

Energy (x5 Scaled)

Cumulative

0.2

0.4

0.6

0.8

1

Q3 Node Energy (a.u)
0 5 10 15 20 25 30 35 40 45 50

tr
u

e
/p

re
co

p

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Figure 7.10: Q3 Node Energy.

The effect of this cut based quality improvement can be seen in Figure 7.14

and Figure 7.15. Figure 7.14 compares the protons momentum residuals pre

and post quality cuts where the residual is defined as R = 1 − xrecon/xtrue.

The spread in the momentum residual is decreased by over 40.0%. It is also
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Figure 7.11: Q2 Node Energy.
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Figure 7.12: Q1 Node Energy.
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Figure 7.13: Q0 + Q1 Node Energy.

clear from Figure 7.15 that many of the high momentum protons are discarded

from the selection as expected by such a cut based approach. This method is an

effective means of improving the proton momentum reconstruction however at

the cost of a 50% reduction in statistics.
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Measurement Node Threshold Events Efficiency (%)

Q5 5.0 8900 75.7

Q4 5.0 7970 67.8

Q3 6.0 7046 59.9

Q2 7.0 6388 54.3

Q1 7.0 6085 51.8

Q1 + Q0 16.0 5880 50.0

Table 7.1: Energy thresholds applied to each measurement node used to remove
inelastically scattered protons. The number of events passing each cut along
with the running efficiency are presented.
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Figure 7.14: Residual distributions for the proton’s momentum pre and and post
reconstruction improvements.

7.1.3 π0 Optimisation

The π0’s momentum is constructed using information from the two photons

identified in MINERνA using the relation pπ0 = pγ1 + pγ2 . Given this relation-

ship, the investigation began by considering the residuals of the reconstructed

photon momenta along with the π0 momentum. In Figure 7.16 it is clear that the

reconstruction is limited by MINERνA’s calorimetric reconstruction especially
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Figure 7.15: Smearing distributions pre (left) and post (right) momentum recon-
struction improvements for the proton.
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(a) High energy photon (γ1).
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(b) Low energy photon (γ2).

Figure 7.16: Residual distributions of the two reconstructed photons before and
after reconstruction improvements.

for the low energy photon, γ2. Although their energy is poorly reconstructed,

the direction of the photons are much more well defined. This is highlighted

by the ability to determine the opening angle, θ12, between the two photons as

shown in Figure 7.16 and Figure 7.17. The residual in Figure 7.17 with a mean of

0.02 and rms of 0.16 confirms MINERνA’s angular reconstruction out performs

its calorimetric reconstruction (Figure 7.16). This observation concluded in fo-

cusing efforts to obtain a kinematic relation which would improve the photon’s
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Figure 7.17: The π0’s photon opening angle residual.

reconstructed energies using angular information. This should subsequently

lead to improvements to the π0 momentum resolution.

Naturally a suitable kinematic relationship was determined by conservation

of 4-momenta for the dominant π0 decay, π0 → γγ. This lead to the use of

the π0 invariant mass which uses the opening angle, θ12, and both the photon’s

energies E1, E2

m2
γγ = 2E1E2(1− cos θ12). (7.1)

The high (γ1) and low (γ2) photon’s reconstructed energy are used as inputs into

an event-by-event χ2 fit. The fit is provided with four inputs, two of which are

treated as data, namely, the known π0 mass and measured opening angle. The

other two parameters, the measured energies E′i are used as initial Ei values as

well as in the penalty terms. The fit considers a χ2 of the form
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Figure 7.18: The high (γ1), and low (γ2) photons energy dependent uncertainties
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χ2 =

(
m2

π0 − 2E1E2(1− cos θ12)
)2

σ2
m2

+
2

∑
i=1

(
Ei − E′i

)2

σ2
Ei

. (7.2)

In Equation 7.2, the first term compares the two photon energies and opening

angle against the known π0 mass (134.98 MeV/c2 [22]) to determine optimal

photon energies given the angular constraint. The uncertainty in the first term,

σ2
m2 , is used as an optimisation parameter and was varied in order to maximise

the number of successfully converged events. This resulted in a fit efficiency of

99.7%. The last term acts as a penalty term and is included to ensure that the

fitted energies are within the uncertainty, σEi , of their measured value, E′i . The

energy uncertainty is dependent on the measured energy as in general calori-

metric detectors are better able to reconstruct higher energies. The photon’s en-

ergy uncertainty dependence determined via Monte Carlo studies can be found

in Figure 7.18.

The zero suppressed energy dependence on the uncertainty in Figure 7.18

is produced using Monte Carlo to calculate the modulus of the residuals for

each photon. We begin by finding a binning in photon energy that contains
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Figure 7.19: The pion momentum’s residual for the default and improved recon-
struction.

approximately the same number of events in each bin. This is then used to

fill the residual as a function of energy from which splines were calculated to

produce a smooth percentage error dependence.

We see from Figure 7.18 that the error dependence is similar to expectation

in that the uncertainty generally decreases as a function of energy. There are

however some spurious features; the low energy photon has a peak at around

100 MeV and above 400 MeV the high energy photon fractional uncertainty in-

creases. The first is due to the calculation of the spline not being able to determ-

ine a smooth distribution from one bin to the next. The feature present in the

high energy photon, although not verified is believed to be due to saturation in

the electronic readout resulting in missing energy.

The fit based approach results in a notable improvement to the pion’s recon-

structed momentum. Firstly by comparing the residuals of the photons energies

in Figure 7.16 and subsequently the pion’s fitted momentum in Figure 7.19 we

can see improvements in the respective means pre and post fit. Interestingly,

the higher energy photon, γ1, has a slightly increased RMS however the region

centred around zero contains more events. This indicates that more of our events

are better reconstructed. It is also clear from the pion momentum’s smearing
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Figure 7.20: The pion true vs. reconstructed momentum is presented using the
default (left) and improved (right) π0 reconstruction.

matrix in Figure 7.20 that the smearing effect is reduced throughout much of the

phase-space.

One should note that in Section 6.1, our signal definition applies an invariant

mass constraint (60 ≤ mγγ (MeV/c2) ≤ 200). Clearly, such an optimisation tech-

nique which relies on minimising the Ei’s to the π0 mass will result in both signal

and background events entering this region. It should be made clear that this

procedure does not change the reconstructed π0 mass but only its momentum

when used in calculating composite kinematics like δpTT.

7.1.4 Kinematic Corrections

The last reconstruction improvement is to correct for any bias in the final state

particles kinematics. If left unchanged this could lead to further mis-reconstruct-

ion in Double Transverse Momentum. The first correction accounts for biases

in the photon’s electromagnetic energy (EM) scale. It was found that both the

data and Monte Carlo’s calorimetric reconstruction either over or under estim-

ated the known π0 invariant mass. As such both datasets needed to be scaled

to correct the measured invariant mass peak making it in line with expecta-
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tion (135.0 MeV/c2). This was achieved by fitting a double Gaussian to the

mγγ distribution spanning 0 < mγγ(MeV/c2) < 280 for both data and Monte

Carlo. The first Gaussian was used to determine the peak and the second para-

metrised the broader mγγ shape. The Monte Carlo mγγ peak was found to be

130.3± 1.6 MeV/c2 and the data peak measured 137.8± 2.6 MeV/c2. This lead

to an increase in the Monte Carlo EM scale of 2% and decrease in the data’s EM

scale of 3%. Given this bias is a facet of the detector’s EM reconstruction any

variable dependent on the two photons kinematics had the respective correction

scales applied to them.

A second set of corrections are applied following the reconstruction improve-

ments. Our approach was to first consider how δpTT can be constructed to assess

if different final state kinematics may be used. If we recall the equation for cal-

culating δpTT, it can be rewritten as

δpTT = ẑT
TT · (pp

T + pπ0

T ), where ẑT
TT =

dν × pµ
T

|dν × pµ
T|

. (7.3)

Here each final state’s momentum are exchanged with their momentum trans-

verse to the incoming neutrino’s direction, p f
T. The superscript f represents a

muon, proton and π0 respectively. Given this there are now two momenta for

each final state particle that can be used to construct δpTT.

The next phase was to assess which form of δpTT should be used given how

well each momenta are calculated for each final state particle. As we saw in

Figures 7.14 and 7.19 for the proton and π0 momentum, both cases presented

a small bias. Although not presented here it was also true for the muon’s mo-

mentum. A similar case was seen for the proton and muon’s transverse mo-

mentum, however, the π0 showed no bias in its pπ0

T . This led to Equation 7.3

being the formalism to calculate δpTT.

Having found an alternative form for δpTT, the muon and proton’s transverse

momentum need to be corrected in order to reduce miss-reconstruction effects
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Figure 7.21: The pion true vs. reconstructed momentum is presented using the
default (left) and improve (right) π0 reconstruction.

further. This was achieved by finding an analytical form for the respective final

states |p f
T| residuals. It was found that a Gaussian best described the muon’s

transverse momentum residual whereas the proton’s was shown to be Cauchy

distributed. This can be seen in Figure 7.21. From here the biases could be

determined by the fitting the respective distributions to each particles residual.

Note here that there are two residuals for the muon’s pµ
T, this is because its

momentum is determined either by curvature or range in MINOS. The mean

determined for each residual defined the correction needed for the transverse

momentum scale.

7.1.5 Summary

The combined effect of all reconstruction improvements can be seen in Fig-

ure 7.22 for Double Transverse Momentum. Here both the default and improved

smearing matrices are presented so that comparisons can be made. The im-

proved δpTT is noticeably more diagonal than its predecessor but at the cost of

a 50% reduction in statistics. Although we halve the number of event, the im-
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Figure 7.22: The default (left) and combined improvements of proton and pion
reconstruction (right) smearing matrix is presented for Double Transverse Mo-
mentum.

Number of Bins Bin Edges

7 -400. -200. -110. -30. 30. 110. 200. 400.

Table 7.2: Analysis binning chosen following the reconstruction improvements.

proved reconstruction capabilities will aid in reducing uncertainties when the

cross section is calculated later. This will be discussed further in Chapter 8.

There is an interesting feature in the central region of δpTT, namely, a broad-

ening effect centred around zero in reconstructed δpTT. This is seen in both

distributions and implies that MINERνA is not capable of well reconstructing

low Double Transverse Momentum. We also observed a non-negligible off-

diagonal component in negative δpTT which indicates an over estimation of neg-

ative Double Transverse Momentum. In order to combat some of the smearing

effects still present in the improved reconstruction a better binning of δpTT was

determined. This considered both the broadening effects and statistics in each

bin finding the binning in Table 7.2. Going forward this will be the analysis

binning for Double Transverse Momentum.
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7.2 Systematics

Systematics are implemented at MINERνA by defining an ‘alternative universe’

where a single systematic variation is applied leaving all other parameters at

their nominal value. The analysis steps are then undertaken in each universe

producing a result given the different parameter values whose difference from

nominal defines the systematic uncertainty. In addition to the flux uncertainty,

the other systematics are classified into three groups, namely, the detector, neut-

rino interactions and Final State Interactions. The systematics implemented in

this analysis have been carried over from the 2017 paper in Reference [101]. An

overview of each systematic shall now be discussed.

7.2.1 Detector

The detector’s response to detecting each particle type is considered along with

their energy estimation. We also include the effect of secondary particle re-

sponses as well as our ability to determine the detector mass.

Muon Uncertainties

• Momentum – The MINOS collaboration estimated the uncertainty to be

±2% [95].

• Angle – MINERνA determines the angular uncertainty by fitting the muon-

like track twice. The first fit uses information from the vertex position

to the muon-like track’s mid-point to determine the outgoing angle. The

second fit estimates the angle using the mid-point to the track’s end point.

The difference between the two fit results defines the uncertainty to be 2

mrad [106].

• Tracking Efficiency – MINERνA requires both MINOS and MINERνA to

have matched tracks for a muon track to be reconstructed. The uncertainty
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in failed matching between the two detectors is determined by studying

the ratio of events containing a reconstructed track in MINERνA to those

with events reconstructed by MINOS. Depending on the run period and

momentum range, an efficiency is determined along with its uncertainty

and is outlined in [107].

Proton Uncertainties

• Tracking Efficiency – Using test beam data, the efficiency and its uncer-

tainty was determined for two event topologies, namely, QE-like and Charge

pion production. Given the CCNpMπ0 final state is topologically similar

to QE-like events it was therefore used as the efficiency and uncertainty

for this analysis. Note that the efficiency is dependent on the number of

planes traversed by the proton [108].

• Energy – The proton’s energy is dependent on the dE/dx profile of the

track and has four associated uncertainties

– Bethe-Bloch – The associated uncertainty in the average energy loss

was determined by comparing the muon energy loss in MINERνA to

muon energy range tables. Depending on the type of material the

uncertainty ranges from 1-3% [109–111].

– Detector Mass Model – Our understanding of the material dimensions

used to build MINERνA affects the particles energy loss as it will

change the amount of energy deposited as the particle traverses the

detector. It was found that the uncertainties for the key materials

used in MINERνA were less than 1.5% [110].

– Muon Equivalent Unit (MEU) – By taking advantage to the well under-

stood energy loss of muons in plastic scintillator, an absolute energy

scale can be determined. This is used to convert the number of photo-
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electrons in a single plane into an energy and has an uncertainty of

2.4% [73, 112].

– Birks’ Quenching Factor – The light yield of a charged particle travers-

ing a scintillator is defined by Birks’ law [113] and estimates the light

yield per path length as a function of energy loss. The GEANT4 sim-

ulation used by MINERνA uses a different quenching factor to that

measured by test beam data. The difference in these two factors acts

as the uncertainty.

Electromagnetic Energy Scale Uncertainties

Following the correction applied to the photon’s EM scales for both data and

Monte Carlo in Section 7.1.4 an associated uncertainty from the each fit is in-

cluded. This is only included in variables built from the two photons, such as

the π0 momentum. The uncertainty from the fit results for data and Monte

Carlo are added in quadrature resulting in an Electromagnetic energy uncer-

tainty of 2.3% [101].

Michel Tagging Uncertainty

The efficiency in identifying Michel electrons in MINERνA is determined by

studying stopped rock muons inside the detector. Defining two cases: One in

which the Michel tagging algorithm correctly identifies Michel events and those

where a false positive is observed. The efficiency of the former is 70.0± 1.1%

whereas the latter has an efficiency of 1.0± 0.5% [114].

Pion Charge Exchange Uncertainty

As charged pions traverse the detector they can undergo charge exchange creat-

ing a π0 and hence mimic the signal definition. External measurements of charge

exchange are used to apply an uncertainty in simulated events which undergo
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charge exchange. This is defined to be 50% [115].

Neutron Uncertainty

Although neutrons are invisible in MINERνA, in instances where they inelastic-

ally scatter they can be observed as a disassociated energy blob from the vertex.

Such instances can pass the π0 reconstruction algorithm and therefore need to

understood. This was estimated to be 6% [116].

Detector Mass Uncertainty

Neutrino interaction rates are dependent on the target mass. The active tracker

has a mass uncertainty in the number of nucleons of 1.4% [110].

Summary

Having outlined the detector uncertainties, they are broken down into fractional

errors in Figure 7.23 for both the invariant mass and δpTT distributions. Both

distributions are made using the Signal sample defined in Section 6.2. Note that

this shall be the case when each systematic group is summarised.

From Figure 7.23 (left), the most notable uncertainty in the invariant mass

distribution is the EM scale. This uncertainty varies the energies of each photon’s

reconstructed energy leading to a lateral change in mγγ. The fine binning used

here leads to sharp discontinuities between bins which vary by around 2-6%. In

δpTT this feature is not seen and is now the sub-dominant uncertainty. We see

that in general the detector uncertainties are approximately flat resulting in an

overall detector uncertainty of 5% for mγγ and 3.5% for δpTT.

7.2.2 Neutrino Interactions

Monte Carlo neutrino event generators have large uncertainties in their cross-

section prediction due to current constraints on the input parameter values meas-
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Figure 7.23: Breakdown of detector errors for the reconstructed photon’s invari-
ant mass (left) and δpTT (right).

ured by other experiments. These can affect the estimation of the background

components and the total signal. It is therefore necessary to include these vari-

ations as a systematic uncertainty in this analysis.

MINERνA’s default event generator, GENIE, provides one sigma variations

for the various model parameters as seen in Table 7.3. These model variations

are applied on an event-by-event basis and are dependent on the interaction

type. From here each dial is included as a systematic via the alternative universe

approach.

The fractional uncertainty of the cross section model errors are presented

in Figure 7.24. Here the the invariant mass and δpTT uncertainties are given.

The dominant uncertainties are those associated to non-resonance multi-pion

production and the resonance axial mass. As we saw in Chapter 3, the axial mass

only affects the normalisation in δpTT leading to a flat fractional uncertainty. The

combined effect of these model uncertainties lead to a total uncertainty in mγγ of

around 7% and δpTT of 7.5%.
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Interaction
Uncertainty

Model Parameter

NC Elastic
MA ±25%

η ±30%

CCQE
MA

+25%

−15%

Low Q2 Pauli blocking ±30%

Resonance Production

MA ±20%

MV ±10%

∆ Anisotropy ±50%

NC Resonance Production Normalisation ±20%

1π Non-Res. Prod.
νp/ν̄n ±50%

νn/ν̄p ±50%

2π Non-Res. Prod.
νp/ν̄n ±50%

νn/ν̄p ±50%

Bodek-Yang

AHT ±25%

BHT ±25%

CV1u ±30%

CV2u ±40%

Table 7.3: One sigma systematic uncertainties associated to GENIE’s interaction
model parameters applied in this analysis.
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Figure 7.24: Breakdown of neutrino-interaction uncertainties for the reconstruc-
ted photon’s invariant mass (left) and δpTT (right).

7.2.3 Final State Interactions

Intranuclear dynamics of Final State Interactions are not well understood and

therefore have large uncertainties associated to their modelling. Again, these

parameters in GENIE have one sigma variations which, in the same manner as

interaction uncertainties, are included as a systematic uncertainty. The associ-

ated model parameter uncertainties are presented in Table 7.4.

Following the inclusion of uncertainties in the FSI modelling their fractional

change can be seen for mγγ (left) and δpTT (right) in Figure 7.25. Interestingly,

above the π0 invariant mass (135 MeV/c2) both the pion absorption and inelastic

scattering uncertainty looks to increase. This feature is likely due to the FSI cross-

section dependence on π0 energy although its exact origin is unknown.

Moving on to the δpTT distribution, the most notable feature is nucleon elastic

scatters which results in up to a 6% uncertainty in the central δpTT bin. This is

however expected given our studies in Chapter 3 on FSI effects in δpTT. This

property in GENIE was observed to be much more prominent than in other

neutrino event generators.
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Final State Interaction
Uncertainty

Pion Nucleon

Absorption ±30% ±20%

Elastic Scattering ±10% ±30%

Mean Free Path ±20%

Charge Exchange ±50%

Inelastic Scattering ±40%

Pion Production ±20%

AGKY Hadronisation ±20%

Table 7.4: One sigma systematic uncertainties associated to GENIE’s Final State
Interactions model parameters applied to this analysis.
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Figure 7.25: Breakdown of Final State Interactions uncertainties for the recon-
structed photon’s invariant mass (left) and δpTT (right).

7.2.4 Summary

Now that each systematic group has been assessed individually their combined

effects are now discussed. Let us begin by presenting a summary of the fractional

uncertainty for mγγ and δpTT like that shown in Figure 7.26. Note here that the

statistical uncertainty is that of the Monte Carlo. We see that in both variables
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Figure 7.26: Summary of the four systematic groups along with the Monte
Carlo statistical uncertainty of the reconstructed invariant mass (left) and
δpTT (right).

the uncertainty is dominated by our understanding of the neutrino flux which

results in a flat uncertainty of approximately 8%.

In both mγγ and δpTT the overall uncertainty is flat implying that in general

our systematics are not dependent on the kinematics presented here. There is

however a dependence observed in the central region of Double Transverse Mo-

mentum. We mentioned that this was associated to nucleon FSI effects and given

that δpTT is sensitive to nuclear effects a dependence is expected. Although our

systematics uncertainties lead to a combined uncertainty of approximately 11%

in reality we will be statistics limited. The statistical uncertainty presented here

is around 6.5 times smaller than our data as such we expect it to be between

15-20%.



Chapter 8

MINERνA Analysis: Cross

Section Extraction

The aim of the MINERνA analysis is to provide a flux integrated differential

cross section of δpTT. This is with the view to gain an insight into the shape of

carbon for use in the extraction of hydrogen in the T2K analysis. The formalism

for such a bin-by-bin differential cross section reads

dσ

d (δpTT)i
=

1
TΦ

NSelected
i

∆ (δpTT)i εi
. (8.1)

Each bin, i, contains NSelected
i selected CCNpMπ0 events within a bin width

∆ (δpTT)i. The reconstruction and selection efficiency of selecting the signal

definition outlined in Section 6.1 is given by εi and corrects for the detector’s

ability to reconstruct events. The efficiency relies on information provided by the

Monte Carlo prediction for both signal events passing the selection and those in

the full Monte Carlo sample. Finally two scaling terms, Φ and T account for the

total flux, Φ, presented to the detector during the data taking period and T the

total number of nucleons within the fiducial volume.

Using the background constraints found in Chapter 6 and applying the re-

164
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construction improvements from Chapter 7 we will outline our methodology to

extracting a differential cross section dependence on δpTT. This chapter shall

begin by introducing how signal events are extracted in true kinematics before

we review the propagation of systematics through the cross-section extraction

process. From here the variation of systematics will be evaluated at each stage

of the extraction process after which the final result is presented.

8.1 Determining the number of Selected Events

The signal sample does not contain purely signal events and on that account the

background component needs to be removed from the data when determining

NSelected
i . Such a background subtraction method relies on using the constrained

Monte Carlo outlined in Section 6.4. The number of selected events reads

NSelected
i = ∑

j
Uij(Ndata

j − Nbkg
j ) (8.2)

and encompasses an unfolding term, Uij, which maps the reconstructed data

distribution to the underlying true kinematics of interest. The Uij term effectively

accounts for detector resolution and reconstruction effects. The principle behind

unfolding is in essence matrix inversion. Therefore given some reconstructed

number of signal events, Nreco
i , we want to know its true counterpart, Ntrue

i via

the relation

Ntrue
i = ∑

Reco Bins,j
UijNreco

j or Nreco
j = ∑

True Bins,i
SjiNtrue

i , (8.3)

where Uij ≡ S−1
ji . This implies that an unsmearing matrix, Uij, needs to be

determined in a manner that can correctly account for the detector’s response

and statistical fluctuations. In an ideal world, one would desire a one-to-one

mapping from the reconstructed to true quantities leading to a diagonal smear-
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ing matrix. However, reality is not like that and we are limited to the detectors

resolution resulting in non-zero off diagonal matrix elements.

The approach used in this analysis is to apply iterative D’Agostini Bayesian

Unfolding to determine the underlying true distribution [117]. Its formalism is

based on Bayes theorem and can be used to define the unsmearing matrix as the

conditional probability for the number of true events, Ti, in true bin i given the

number of reconstructed events, Rj, in reconstructed bin j

Uij ≡ P(Ti|Rj) =
P(Rj|Ti)P(Ti)

P(Rj)
. (8.4)

Here the reconstruction prior is P(Rj) = ∑k P(Rj|Tk)P(Tk). This enables us to

determine the true signal distribution, P(Ti), given the reconstructed data, Nreco
j ,

and the smearing matrix P(Rj|Ti). It relies on two Monte Carlo inputs, namely, a

smearing matrix and an initial true signal distribution prior, P(Ti). Immediately,

one may be concerned that the unfolded result will be effected by the choice

of prior as dependencies on the Monte Carlo’s ability to reproduce both the

data and cross section model are introduced. This is however overcome via the

iterative approach which enforces a data driven methodology to estimate the

true number of events in each true bin.

Let us begin by rewriting the first term in Equation 8.3 in its iterative form

with the Uij term in full

Ntrue (m+1)
i = ∑

Reco Bins,j

P(Rj|T′i )Pm(Ti)

∑k P(Rj|T′k)Pm(Tk)
Nreco

j . (8.5)

Here Pm(Ti) now defines the prior and is dependent on the number of iterations,

m. There is a subtle difference between the Uij in Equation 8.4 and that shown

here in that the truth component of the smearing matrix, T′j , may now be distinct

from that in the true signal prior. This is because the smearing matrix remains

unchanged throughout the iterative process.
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The iterative procedure begins by calculating Ntrue (m+1)
i using the initial

Monte Carlo prior such that P0(Ti) ≡ P(T′i ). This can then be used to update the

true signal prior given the data using

Pm(Ti) =
Ntrue (m+1)

i

∑k Ntrue (m+1)
k

. (8.6)

From here subsequent iterations can be calculated using a prior which becomes

increasingly dependent on the data. This iterative process continues until the

analysers optimal number of iterations has been reached.

Care needs to be taken when finding the optimal number of iterations for a

each analysis. For example, if the underlying Monte Carlo truth prior is believed

to be a poor description of the data then one may want to use a large number

of iterations or weak regularisation strength. This however becomes a more

degenerate problem as the number of reconstructed bin combinations to produce

a single true bin increases. As a result this can lead to large bin-to-bin anti-

correlations and added uncertainty in the unfolded result. It is therefore crucial

to understand the unfolding procedure given ones knowledge of different model

predictions and the detector’s response.

8.2 Optimal Number of Iterations in Bayesian Un-

folding

Our approach to determining the regularisation strength is based on Monte

Carlo studies where, like in the background constraints section, Monte Carlo is

used as fake data. The framework developed to do this relies on performing

1000 toy experiments. In each toy experiment we begin by Poisson fluctuating

the reconstructed signal before passing it to the unfolding framework. We un-

fold over a range of iterations, calculating a three metrics between the true Monte



CHAPTER 8. MINERνA ANALYSIS: CROSS SECTION EXTRACTION 168

Carlo distribution and the unfolded result. These metrics are used to assess the

effect of unfolding after each iteration.

The first metric is the χ2 calculated between the true input Monte Carlo dis-

tribution and the unfolded result. This can be used to assess the change in χ2 as

a function of iterations and allows us to find where the unfolded distribution has

found agreement with the true result. For this statistical study, we are looking

for an iteration that results in a χ2/ndf ∼ 1. Once this has been satisfied the

second metric is then used as the driving force behind finding the optimal reg-

ularisation strength. Note that the ndfs here is the number of bins which totals

seven indicating that the unfolding has converged once a mean χ2 of seven has

been observed.

The second metric is a bin-by-bin pull which is used to learn of how biases

change from iteration to iteration. The expectation is that in each bin the pull

should have a mean of zero and width of one once a unbiased regularisation

strength has been found. Here we are looking for an iteration that results in

the unfolded distribution having the smallest bias. The bin-by-bin pull is calcu-

lated using the unfolded histogram, unfolding covariance matrix and true Monte

Carlo distribution. In each bin the difference between the unfolded number of

events and true number is determined before being divided by the associated

diagonal element of the covariance matrix related to the bin of interest.

Finally, the correlation matrix for each iteration is found using the unfolded

covariance matrix. Given each iteration has its own correlation matrix a mean

correlation matrix is calculated over all the toys. This provides us with an as-

sessment in to how anti-correlated the result is for a certain iteration.

We saw that D’Agostini unfolding requires three inputs for the mechanism to

work. These were the smearing matrix mapping true to reconstructed quantities,

the true Monte Carlo prediction for use as our initial prior and lastly the dataset

to be unfolded. This analysis uses the binning defining in Table 7.2 for both true
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and reconstructed quantities. The resultant binning leads to the following Monte

Carlo input distributions in Figure 8.1 for use in the unfolding studies. Here

the reconstructed δpTT is calculated using the improved hadronic momentum

reconstruction resulting in a more diagonal smearing matrix.

Before we go about determining the optimal number of iterations a brief

validation study is performed. This is to ensure that both the mechanisms behind

this study and the unfolding framework are working correctly. The approach

here is to unfold the Monte Carlo to itself and check that the first two metrics

are to their respective expectations. Here the number of iterations assessed spans

from one to thirty-five or from a heavily regularised to an un-regularised result.

As the Monte Carlo is unfolded to itself the unfolding procedure should not

change the true distribution implying that the χ2/ndf should be situated around

unity for all iterations. We also expect the bin-by-bin pull to be unbiased in

all iterations. The results of our validation study support this and can be seen

in Figure 8.2. Here the χ2 dependence on the iterations is given along with

the bin-by-bin pull for the first and last iteration. All are within expectation

however there is a odd feature in the χ2 distribution. In Figure 8.2 (left), although

the distribution looks to be χ2 distributed there are a number of stripes that

break away from the general population. These are certain fluctuated toys that

are unstable when they are unfolded leading to lesser agreement with the true

distribution. Fortunately these cases are rare and for the 1000 toys less then 1%

are effected.

Now that our unfolding framework has been validated we shall undertake

two tests to determine the optimal number of iterations. Both work using real-

istic data POT statistics, which at the time, was set to 10% of the Monte Carlo data-

set. This down scaling is applied to both Monte Carlo and fake data. The first

study simply tests the capabilities of unfolding given the expected LE dataset.

Like the validation study, the results were the same as those presented in Fig-
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(c) Monte Carlo Fake Data.

Figure 8.1: The smearing matrix (top), initial true prior (centre) and the Monte
Carlo reconstructed fake data (bottom). Note here that all distributions have been
scaled to 10% of their original size.
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Figure 8.2: The result of validation study for Monte Carlo to Monte Carlo un-
folding. The χ2 as a function of iterations is given (left). The bin-by-bin pull for
one (centre) and thirty-five iterations (right) is also presented.

ure 8.2. We saw that the two metrics were in line with expectation.

We noted in our discussion of d’Agostini unfolding that as our regularisa-

tion strength decreases the problem becomes more degenerate leading to larger

uncertainties and bin-to-bin anti-correlations. This effect is highlighted when

considering the ensemble of unfolded results along with the correlation matrix

for a low and high number of iterations. The effect is seen in Figure 8.3 when

comparing two and thirty iterations. The distribution on the left compares the

known true distribution with the unfolded result for each fluctuated toy. We see

that a un-regularised result (thirty iterations) leads to a much larger spread in

the unfolded result when compared to one that is highly regularised (two itera-

tions). There are also increasing bin-to-bin anti-correlations which become more

diagonal as the number of iterations increases. Both suggest a larger degeneracy

when unfolding is performed with a weak regularisation strength.
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(b) Thirty Iterations.

Figure 8.3: The ensemble of unfolded results for two and thirty iterations is
presented using realistic data POT, which at the time was set to 10% of the
original Monte Carlo. The unfolded distributions are compared to the known
true distribution (left) and the mean correlation matrix (right). Note that the
entries outside the box in the correlation matrix represent the correlations for the
under and overflow bins. The numbering here defines the analysis bin number.
Hence between 1 and 2 lies the bin ranging from -400 to -200 MeV.
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We know from earlier chapters that nuclear dynamics are not well understood

and leads to numerous different predictions in δpTT. It is therefore important to

ensure that the unfolding framework is capable of reliably extracting alternative

true distributions. Our approach to achieve this was through the development of

a set of warping studies. Here the underlying true distribution was first varied

to change its shape and then smeared simulating detector effects providing both

different true and reconstructed distributions to the nominal Monte Carlo.

A total of four warping studies were considered; two central warps where we

simulated the effect of an excess and deficit from the nominal true prediction.

This was to ensure that if, in nature, the nucleus behaves more like a LFG than a

GFG we can reproduce the true kinematics. The second set looked at the effect

of a left and right asymmetric excesses to the true distribution.

The warping of the nominal Monte Carlo was implemented using the same

binning as the true distribution. We began by producing a unit normalised

Gaussian whose width and mean dictated the warping position and shape in

the true quantity. A second histogram was then filled with unit weights after

which it then had the Gaussian added or subtracted. During this process the

Gaussian was scaled to change the warping strength. Even though the scaling is

variable it was fixed to 0.5 in each study. By adding or subtracting the Gaussian

defined where there was an excess or dip in the true quantity. These warping

weights are shown in Figure 8.4 whose choice of Gaussian parametrisation for

each warp is shown in Table 8.1.

The true and reconstructed quantities were built using the warped weight

histogram and nominal Monte Carlo smearing matrix. This process transformed

a warped weight histogram into a its two dimensional equivalent i.e. one which

has the same binning as the smearing matrix but each true bin weight is projec-

ted into its related reconstructed bins. From here the two dimensional weight

histogram and smearing matrix were multiplied together to produce a mapping
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Figure 8.4: The warp weights for central dip (left) and excess (centre left) fol-
lowed by left (centre right) and right (right) asymmetric variations. The Gaussian
parametrisation for each warp is presented in Table 8.1.

Parameter Central Asymmetric

(MeV/c) Excess Deficit Left Right

Mean 0 0 -100 +200

Width 50 30 50 50

Table 8.1: Input parameters for each Gaussian used to warp the underlying true
distribution.

of warped true to reconstructed quantities. The result was an alternative one

dimensional true and its related reconstructed distribution. Note the that under

and over flow bins were also included in the warping of the true and reconstruc-

ted distribution.

We shall now assess the unfolding for each warp study presenting the re-

spective true and reconstructed warped distributions used in the unsmearing

process. In each study we begin by producing χ2 as a function of iterations

which once the χ2/ndf has reached expectation the bin-by-bin pull is analysed

for any bias. In both cases the warped true distribution is used to calculate these

two metrics. The optimal regularisation strength is determined when there is

negligible change in the bin-by-bin pull as the number of iterations increases.

We will therefore present the bin-by-bin pull and associated correlation matrix

for the first χ2/ndf ∼ 1 and once the bias has stabilised.

Starting with the central excess whose true and reconstructed quantities are
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shown in Figure 8.5. The unfolding procedure for this warp looks to flatten off

at around five iterations as seen in Figure 8.6 (left). However, from Figure 8.6

(centre) this regularisation strength looks in incur a bias in the central region

of δpTT implying more iterations are required. A further eight iterations are

applied before the bias looks to reduce to an acceptable level. This is highlighted

by Figure 8.7 (left) where the bin-by-bin pull is now close to zero and flat between

bins. There is an interesting feature when comparing the correlations matrices

for five (Figure 8.6 right) and thirteenth (Figure 8.7 right) iterations. The latter,

being the optimal number of iterations, looks to have increased anti-correlations

in the next-to-next bins. This is apparent from the two blue off diagonal stripes,

however the anti-correlations are no larger than -0.423.

Moving onto the central deficit study where the input true and reconstruc-

ted distributions in Figure 8.8 are used. The results of which are presented in

Figures 8.9 and 8.10. A similar feature is observed as before for the χ2 and bin-

by-bin pull. Here we see that although the χ2 /ndf looks to plateau after around

ten iterations, further iterations are needed to minimise the bias. In fact thirty-

three iterations are required before the bias looks to stabilise. From Figure 8.10

we see the bin-by-bin pull for thirty-three iterations. There is still a noticeable

bias in some bins which is likely due to the degeneracy leading to bin-to-bin

anti-correlations. This is supported by the anti-correlations observed in adjacent

bins from Figure 8.10 (right).

The asymmetric studies tell a similar story, both χ2s flattening off at around

five iterations but require further deregulation to minimise the bias. The inputs

for each study are presented in Figures 8.11 and 8.14 with their χ2 iteration

dependence in Figures 8.12 and 8.15. The latter two Figures also include the first

bin-by-bin pull highlighting the presence of a bias when the χ2 first plateaus.

Similar to the central deficit study, both asymmetric tests require many more

iterations before the bias is stabilised. This is shown in the left asymmetric warp
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in Figure 8.13 and the right asymmetric warp in Figure 8.16 where both instances

have a regularisation strength of sixteen. The common number of iterations

implies that the unfolding procedure is capable of unfolding with minimal bias

irrespective of the asymmetry.
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Figure 8.5: The central excess warped true (left) and reconstructed (right)
δpTT distributions are compared to their nominal counterparts.
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Figure 8.6: The results of the central excess study. The χ2 as a function of itera-
tions (left) and the fifth iteration’s bin-by-bin pull (centre) and mean correlation
matrix (right) are presented.
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Figure 8.7: The optimal regularisation strength for the central excess study. The
bin-by-bin pull (left) and associated correlation matrix (right) is presented for the
first minimal bias regularisation strength, namely, the 13th iteration.
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Figure 8.8: The central deficit warped true (left) and reconstructed (right)
δpTT distributions are compared to their nominal counterparts.
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Figure 8.9: The results of the central deficit study. The χ2 as a function of itera-
tions (left) and the tenth iteration’s bin-by-bin pull (centre) and mean correlation
matrix (right) are presented.
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Figure 8.10: The optimal regularisation strength for the central deficit study. The
bin-by-bin pull (left) and associated correlation matrix (right) is presented for the
first minimal bias regularisation strength, namely, the 33rd iteration.
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Figure 8.11: The left warped asymmetric true (left) and reconstructed (right)
δpTT distributions are compared to their nominal counterparts.
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Figure 8.12: The results of the left asymmetric study. The χ2 as a function of iter-
ations (left) and the fifth iteration’s bin-by-bin pull (centre) and mean correlation
matrix (right) are presented.
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Figure 8.13: The optimal regularisation strength for the left asymmetric ex-
cess study. The bin-by-bin pull (left) and associated correlation matrix (right)
is presented for the first minimal bias regularisation strength, namely, the 16th

iteration.
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Figure 8.14: The right warped asymmetric true (left) and reconstructed (right)
δpTT distributions are compared to their nominal counterparts.
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Figure 8.15: The results of the right asymmetric excess study. The χ2 as a func-
tion of iterations (left) and the fifth iteration’s bin-by-bin pull (centre) and mean
correlation matrix (right) are presented.
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Figure 8.16: The optimal regularisation strength for the right asymmetric ex-
cess study. The bin-by-bin pull (left) and associated correlation matrix (right)
is presented for the first minimal bias regularisation strength, namely, the 16th

iteration.
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Number of Iterations

Study
Central Asymmetric

Excess Deficit Left Right

χ2 Plateaus 5 10 5 5

Stable Bias 13 33 16 16

Table 8.2: Number of iterations required for each warping study’s χ2 to plateau
and for the bin-by-bin bias to stabilise.

Having evaluated how the unfolding framework behaves given different un-

derlying true distributions an optimal regularisation strength needs to be chosen.

The number of iterations for each warping study is summarised in Table 8.2

where we present the regularisation strength for when the χ2 plateaus and when

the bin-by-bin pull stabilises. By sixteen iterations all but one study has either

stabilised or the χ2/ndf ∼ 1. The exception to this trend is the central deficit

warp which requires further sixteen iterations before stability in the bin-by-bin

pull is observed.

Clearly there is no common iteration in which all the studies are stable, so

how should the regularisation strength be chosen? A starting point may be to

be conservative and unfold to thirty-three iterations. This would however lead

to non-negligible anti-correlations making the final cross section result harder

to interpret. Another possibility may be to consider what GENIE’s default nuc-

lear model is and assess how well the unfolding performs when transitioning

to alternative models. If we recall the δpTT distribution for the various initial

states, like in Figure 8.17, we see that GENIE’s default model, a GFG, would

need to be increased in the central region if nature is similar to an LFG. This

would therefore imply that one could use thirteen iterations and reliably reach

all alternative nuclear models. However, we do not know if nature is asymmetric

in δpTT and therefore a more conservative choice would be sixteen. Given this
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Figure 8.17: The various predictions for different initial states in δpTT is presen-
ted for Charge Current Resonance production on Carbon. NuWro is configured
with no FSI and a mono-energetic 1 GeV νµ beam. Note that this is a reproduc-
tion of Figure 3.4b.

our regularisation strength for use on data will be sixteen.

Prior to moving onto calculating the cross section, one final test of the un-

folding framework needs to be performed. Unlike the previous studies this uses

data and the aim is to check that unfolding on data is stable. We mentioned

earlier that the there were certain statistical fluctuations that lead to stripes in

the χ2’s dependence on the regularisation strength. For us to reliably unfold the

data we want to ensure that, as the regularisation strength is relaxed, the χ2 at

some point plateaus. By comparing the unfolded data to the Monte Carlo’s true

distribution we can calculate the χ2 as a function iterations. As the number of

iterations increases the unfolded result becomes more dependent on the data.

We should expect the χ2 to stabilise from iteration to iteration implying that the

unfolding procedure is working.

In preparation of testing d’Agostini unfolding for use on data, we constrain

the background and subsequently subtract it from the data. The background

subtracted data is then unfolded after which the data’s χ2 dependence as a func-

tion of iterations is calculated. This can be seen in Figure 8.18 when unfolding

the data up to fifty iterations. The χ2 slowly increases from 17.5 to 25 as the reg-

ularisation strength decreases indicating that the unfolding procedure is stable

when unfolding the data.
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Figure 8.18: Using 3.33× 1020 POT the χ2 is calculated between the data and
Monte Carlo true δpTT distribution as a function of iterations.

8.3 Cross Section Extraction with Systematics

Systematic effects are propagated through to the cross section result by calcu-

lating the differential cross section in each ‘alternative’ universe. Given this is

encapsulated by the Monte Carlo, the terms in Equation 8.1 that are affected

by systematic effects are therefore NSelected
i and εi. More precisely given the

data does not change, then the background and unfolding matrix components

in Equation 8.2 are sensitive to such systematic variations.

The smearing matrix, Monte Carlo background and efficiency are dependent

on both model and detector variations. Note however that the efficiencies nu-

merator and denominator are treated differently. The numerator is only affected

by normalisation and the denominator, as one would expect, is only affected by

model changes. Flux uncertainties are incorporated by including their variation

as an ‘alternative’ universe in the reconstructed Monte Carlo, smearing matrix

and efficiency.

We shall now analyse how systematics change as they propagate through

each stage of the cross section extraction process. At each step both the data and

Monte Carlo prediction are presented along with the fractional error. Note that

the data with Monte Carlo overlay are bin width normalised so that the shape

of δpTT is preserved. The error bars on the data are systematic plus statistical

uncertainties whereas the Monte Carlo error is statistical only.
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Figure 8.19: The reconstructed data and Monte Carlo prediction for signal and
background using a dataset of 3.33× 1020 POT.

The process begins with the reconstructed data and associated Monte Carlo

prediction for both signal and background in Figure 8.19. Using the background

constraints determined in Section 6.4 the background is rescaled given the results

of the fit before being subtracted from the data and Monte Carlo. The resultant

background subtracted δpTT distributions can be seen in Figure 8.20. It is clear

that, at the reconstructed level, there is a deficit in the data compared to the

Monte Carlo prediction in the region encompassing ±200 MeV/c. Given our

knowledge of various nuclear effects in δpTT this deficit is somewhat expected.

The fractional uncertainty in the background subtracted data indicates that

we are statistically limited. We also see that the fractional systematic uncer-

tainties are largest in the tails of δpTT . This a result of the large background

component in these outer bins which when background constraints are applied

leads to greater uncertainty.

Having subtracted the backgrounds the δpTT distribution is unfolded pro-

ducing the true underlying distribution in Figure 8.21. The consistent shapes

between the fractional uncertainties implies that the unfolding procedure does
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Figure 8.20: The background subtracted data and Monte Carlo overlay (left) and
the systematic fractional uncertainty (right) are presented.
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Figure 8.21: The unfolded data and Monte Carlo distributions (left) and the sys-
tematic fractional uncertainty (right) are presented.

not introduce large variations when unfolding in a given systematic universe. It

is interesting to note that the dominant systematic uncertainty is the FSI model

in the outer regions of δpTT. This is no surprise given the broadening effect of

FSI in δpTT, which given is not well understood results in large variations in the

spread of δpTT.

The final phase is to apply the efficiency correction and normalisations which

account for the number of target nucleons and flux integral. By integrating the

low energy NuMi flux from 0 to 50 GeV the scaling terms used in this analysis
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are

Φ = POT× 2.88154× 10−8 T = 3.17488× 1030. (8.7)

Note here that POT refers to the data POT (3.33× 1020). The efficiency correction

is presented in Figure 8.22 and includes the efficiencies fractional uncertainty. We

see that the efficiency is consistent with the total efficiency of 5.65% for selecting

CCNpMπ0 events in Chapter 6. Throughout the δpTT region of interest we see a

small variation (total spread of 1.5%) from bin to bin. Given the efficiency is fairly

flat implies that the correction has little model dependence in δpTT. Although

MINERνA has a low efficiency of selecting CCNpMπ0 events, the uncertainty

on selecting such final states is small. This leads to a total fractional uncertainty

of approximately 6% in all δpTT bins.

One remaining cross check that could be done is a closure test. This would

ensure that our unfolding and efficiency correction produce the correct result.

Such an approach could be to extract the cross section for Monte Carlo using the

framework used here and then compare it to the true Monte Carlo cross section.

By using the true event generator prediction it is possible to produce a true

differential cross section for δpTT which if our extraction method is correct will

be identical to the true Monte Carlo prediction. Although from the unfolding

closure study and given our δpTT efficiency is consistent with expectation this

is unlikely to yield any unexpected deviation from the true Monte Carlo cross

section.

8.4 The Result

The world’s first flux integrated differential cross-section dependence on δpTT has

been measured for CCNpMπ0 final states. This result is presented in Figure 8.23

along with the fractional uncertainty. In general the Monte Carlo looks to over

predict the signal component in the central region of δpTT. However, given the
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Figure 8.22: The efficiency correction used to account for the detector’s recon-
struction efficiency is presented along with the associated fractional systematic
uncertainties. Note the data points are actually Monte Carlo and are not bin
width normalised. The statistical uncertainty presented here is that of the Monte
Carlo.
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Figure 8.23: The flux integrated differential cross section using 3.33× 1020 POT
is presented (left) and the fraction uncertainty on the result (right).

large statistical uncertainty we are unable to state any disagreement between the

data and Monte Carlo.

We mentioned earlier that this over prediction is somewhat expected. The

central region is sensitive to the elastic component of FSI, which in GENIE pre-

dicts a larger strength than in other event generators. This mis-modelling is

also supported by recent results by the T2K [100] and MINERνA [118] Collab-
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orations. Both analysis probe nuclear effects in charge-current νµ induced final

states containing proton(s) and zero pions. They, like what is seen here, observed

a deficit in the data compared to Monte Carlo which is attributed to elastic Final

State Interactions. Their work also suggests that the initial state model is better

described by an LFG or Spectral Function. This appears to contradict the result

presented here as GENIE uses an GFG.

It would be interesting to further analyse this result by comparing various

predictions made by event generators. This may provide information on which

initial state model and whether a reduction in the strength of elastic FSI better

describes the data. The outcome of a data-model comparison study would en-

able future analysers who use δpTT to isolate interactions on hydrogen to apply

any constraints found on carbon’s shape in δpTT.



Chapter 9

Conclusion

Since their discovery, neutrinos have presented some of the most puzzling prob-

lems in physics; from the continuous energy spectrum in β-decay to neutrino fla-

vour transformation. Our quest now lies in studying the flavour transformation

in more detail as this may answer two questions; can CP violation in neutrino os-

cillations describe why matter dominates our universe and what is the ordering

of the neutrino masses? Current and future accelerator-based neutrino oscilla-

tion experiments hoping to answer these questions, which as they move into the

high precision era, are shown to be limited by our knowledge of nuclear effects.

We saw this in Chapter 2 where we highlighted numerous issues arising from

our knowledge of few-GeV neutrino-nucleus interactions. This has renewed in-

terest by both the experimental and theoretical communities to better understand

neutrino interactions with specific focus on nuclear effects.

9.1 Main Achievements

This thesis has outlined a means of probing nuclear effects in neutrino induced

pion production. By analysing final states containing a muon, proton and pion

we showed how Double Transverse Momentum may be used to understand both

189
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initial and final state nuclear effects. The phenomenological studies indicated

that δpTT has minimal dependence on the incoming neutrino flux and that vari-

ous form factor parametrisations leave its shape unchanged. This enables us to

reliably discriminate between the various nuclear effects. We also presented a

possible approach that may be used by future high statistics neutrino scattering

experiments to access pion specific Final State Interactions. This method may

shed light on whether pion FSI is type dependent.

One of the key abilities of δpTT is that it may be used to isolate neutrino in-

teractions on hydrogen in composite nuclear targets. This was studied at T2K’s

near detector, ND280, to assess the feasibility of performing such a measure-

ment. We highlighted that using current detector technologies it is, in principle,

possible to perform such a measurement albeit statistically limited at T2K. We

did however learn that this would be reliant on improving our understanding of

the heavy nuclear background.

Our approach to constrain the dominant background at T2K was to measure

the δpTT shape of carbon using MINERνA. By defining the final state as a single

muon with at least one proton and π0 we were able to measure the shape of

carbon in δpTT. Although the final states are different, phenomenological studies

had shown similarities between the two final states. As such, our result may

provide as a reliable external constraint for experiments like T2K which look to

isolate interactions on hydrogen.

The differential cross section measurement by MINERνA was made possible

through various reconstruction improvements. We developed a cut based ap-

proach to remove events where protons inelastically scattered inside MINERνA.

This led to better dE/dx determination as predominantly elastically scattered

protons remained resulting in a two fold improvement in the proton’s mo-

mentum resolution. The π0 momentum reconstruction was also investigated

resulting in the development of a π0 momentum optimisation technique. Our
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approach saw a 10% reduction in the residual spread and a third increase in

the number of correctly reconstructed π0 momenta. Both improvements were

needed for reliable extraction of the total number of true signal events.

The MINERνA result, using the Low Energy NuMi dataset, showed a small

discrepancy between data and Monte Carlo. Our measurement seems to im-

ply that the Monte Carlo over predicts the event rate in the central region of

Double Transverse Momentum. This has not yet been confirmed but it is be-

lieved to be associated to the elastic FSI component in GENIE. Measurements

by T2K and MINERνA have supported a reduction in the elastic FSI component

and appears to be supported by the result presented here.

9.2 Going Forward

It would be interesting to assess how various model predictions compare to the

extracted differential cross section at MINERνA. This may provide further in-

sight into which model configuration best describes the data and validate our

belief in the requirement of a reduction in GENIE’s elastic component of FSI. In

addition to GENIE, the other neutrino event generators predictions should be

compared with the measurement presented here. This will help the theoretical

community to refine and improve their Monte Carlo simulation of neutrino in-

teractions.

Once the model comparisons are complete the result presented in this thesis

may be used by future analysers trying to isolate interactions on hydrogen using

δpTT. Our work may provide a constraint on the shape of carbon’s background

in δpTT leading to reliable extraction of the hydrogen event yield. The inform-

ation learnt from the model comparisons could also be used to aid oscillation

experiments in reducing their systematic uncertainties related to cross section

models. This knowledge is crucial for future accelerator-based neutrino oscilla-

tion experiments like DUNE that have a designed sensitivity of O(1− 2%) to the
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δCP phase.

The MINERνA result was produced using the Low Energy NuMi dataset but

it has many other datasets that could be analysed using δpTT. One may want

to first expand on the analysis developed here and measure the same final state

using the High Energy NuMi data. Given we learnt that the differential cross

section was statistically limited, the High Energy NuMi dataset could provide a

result with a better statistical precision.

The MINERνA experiment has data from anti-neutrinos in both Low and

High Energy NuMi configurations which could be used in conjunction with

Double Transverse Momentum to probe nuclear effects. Note however, if nuc-

lear effects are to be analysed in anti-neutrinos impinging on the active tracker,

measurements may be statistically limited. This is because anti-neutrinos pre-

dominantly produce final states containing neutrons and are therefore difficult

to reconstruct. There is however a channel where the final state contains a pro-

ton. Unfortunately the target nucleon for this final state is a proton and so, if

such a final state was to be analysed in the active tracker, it would result in inter-

actions on hydrogen. This would make any probe of nuclear effects alone infeas-

ible. Fortunately, MINERνA has a number of passive nuclear targets including

carbon which could be used to study nuclear effects in anti-neutrino induced

final states.

The µ+, proton and π− final state could be used to measure the anti-neutrinos

cross section energy dependence free from nuclear effects. Obviously this would

be dependent on external constraints being found for the carbon background. It

would be interesting to expand on the phenomenological studies in Chapter 3

and compare the µ+, proton and π− final state with that of the MINERνA meas-

urement presented here. Given we found relative agreement between the shape

of δpTT for two distinct final states, it may also be the case for µ+, proton and

π− and µ−, proton and π0 final states. If this is the case then our measurement
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could also help improve our knowledge of anti-neutrino cross sections.

Finally, it would be interesting to see how future detectors may be able

to isolate neutrino interactions on hydrogen. The proposed upgrade to T2K’s

near detector is to build a highly granulated detector surrounded by high angle

TPCs [119]. This is with the aim of increasing ND280’s acceptance and im-

prove the reconstruction of low energy particles. The proposed Super-FGD [120],

which is designed with 1 cm3 scintillator cubes may be able to substantially im-

prove the low energy sensitivity and increase the selection efficiency of final

states containing a single muon, proton and π+. This could be used to extract

the hydrogen component using Double Transverse Momentum and the cross

section result presented in this thesis as a constraint to the carbon background.



Appendix A

NEUT Interaction Mode

Definitions

Following the convention defined in NEUT version 5.3.6 the interaction modes

have been categorised in Table A.1 for Charge-current neutrinos, Table A.3 for

Charge-current anti-neutrinosand Neutral-current interactions in Table A.2. In

Table A.4 the interactions have been categorised into the N groups used to cat-

egorise modes in Chapter 3.
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Interaction
State

Initial Final

Quasi-Elastic
ν` + n `− + p

ν` + n + X `− + p + X (X = n or p)

Resonance Production

ν` + p `− + p + π+

ν` + n `− + p + π0

ν` + n `− + n + π+

ν` + n `− + n + γ

Single Kaon Production

ν` + n `− + n + K+

ν` + n `− + p + K0

ν` + n `− + p + K+

ν` + n `− + Λ + K+

Single η from ∆ Resonance ν` + n `− + p + η0

Multi-π (1.3 < W (GeV/c2) < 2.0) ν` + n or p `− + n or p + Nπ

Deep Inelastic (2.0 > W GeV/c2) ν` + n or p `− + n or p + N mesons

Table A.1: NEUT Charged Current neutrino interactions modes.
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Interaction
State

Initial Final

Quasi-Elastic
ν̄` + p `+ + n

ν̄` + p + X `+ + n + X (X = n or p)

Resonance Production

ν̄` + n `+ + n + π−

ν̄` + p `+ + n + π0

ν̄` + p `+ + p + π−

ν̄` + p `+ + n + γ

Single Kaon Production

ν̄` + n `+ + n + K+

ν̄` + n `+ + p + K0

ν̄` + n `+ + p + K+

ν̄` + p `+ + Λ + K0

Single η from ∆ Resonance ν̄` + p `+ + n + η0

Multi-π (1.4 < W (GeV/c2) < 2.0) ν̄` + n or p `+ + n or p + Nπ

Deep Inelastic (2.0 > W GeV/c2) ν̄` + n or p `+ + n or p + N mesons

Table A.2: NEUT Charged Current anti-neutrino interaction modes.
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Interaction
State

Initial Final

Quasi-Elastic ν` + n or p ν` + n or p

Resonance Production

ν` + n ν` + n + π0

ν` + p ν` + p + π0

ν` + n ν` + p + π−

ν` + p ν` + n + π+

ν` + n or p ν` + n or p + γ

Single η from ∆ Resonance ν` + n or p ν` + n or p + η0

Single K from ∆ Resonance
ν` + n ν` + Λ + K0

ν` + p ν` + Λ + K+

Multi-π (1.3 < W (GeV/c2) < 2.0) ν` + n or p ν` + n or p + Nπ

Deep Inelastic (2.0 > W GeV/c2) ν` + n or p ν` + n or p + N mesons

Table A.3: NEUT Neutral Current neutrino interactions modes.

Interaction NEUT Interaction Mode

Quasi-Elastic Quasi-Elastic

ν` Resonance Production ν` + p→ `− + p + π+

ν̄` Resonance Production ν̄` + p→ `+ + p + π−

Resonance (Other) Resonance Production (excluding above)

Deep Inelastic Scattering Deep Inelastic Scattering

Other

Single Kaon Production

Single η from ∆ Resonance

Multi-π (1.4 < W (GeV/c2) < 2.0)

Table A.4: Interaction modes defined for generator comparisons using NEUT’s
definitions of interaction modes.
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