Cross Section Measurements for Quasi-Elastic

Neutrino-Nucleus Scattering with the

MINOS Near Detector

Mark Edward Dorman

University College London

Submitted to University College London in fulfilment
of the requirements for the award of the

degree of Doctor of Philosophy.

April 2008



Declaration

I, Mark Dorman, confirm that the work presented in this thesis is my own. Where information

has been derived from other sources, I confirm that this has been indicated in the thesis.

Mark Dorman



Abstract

The Main Injector Neutrino Oscillation Search (MINOS) is a long baseline neutrino oscilla-
tion experiment based at the Fermi National Accelerator Laboratory (FNAL) in Chicago, Illi-
nois. MINOS measures neutrino interactions in two large iron-scintillator tracking/sampling
calorimeters; the Near Detector on-site at FNAL and the Far Detector located in the Soudan
mine in northern Minnesota. The Near Detector has recorded a large number of neutrino inter-
actions and this high statistics dataset can be used to make precision measurements of neutrino

interaction cross sections.

The cross section for charged-current quasi-elastic scattering has been measured by a number
of previous experiments and these measurements disagree by up to 30%. A method to select a
quasi-elastic enriched sample of neutrino interactions in the MINOS Near Detector is presented
and a procedure to fit the kinematic distributions of this sample and extract the quasi-elastic
cross section is introduced. The accuracy and robustness of the fitting procedure is studied

using mock data and finally results from fits to the MINOS Near Detector data are presented.
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1 Introduction

The ubiquitous Standard Model of Particle Physics has been extremely successful in describ-
ing the interactions and properties of the fundamental particles and forces present in nature.
It’s predictions have been tested many times by a succession of more and more powerful and
precise physics experiments and no serious deviations have been found. There are, however,
areas in which the Standard Model cannot provide an adequate framework. Most notable is the
inclusion of a description of the force of gravity although perhaps a more active area of current

research is the field of neutrino physics.

Of the twelve elementary fermionic particles in the Standard Model there are three flavours
of neutrino; the electron, muon and tau neutrinos (V,, V,, and Vy). In the Standard Model the
neutrinos are massless, spin—% leptons that carry no electromagnetic or colour charge and are
only able to interact via the weak nuclear force. Neutrinos were first postulated by Wolfgang
Pauli [1] as a solution to the problem of the continuous energy spectrum of the electrons emitted
in nuclear 3-decays. In the classical two-body decay (n — p+ e~ ) energy and momentum could
not be conserved unless the energy of the emitted electron took a discrete value but the addition
of a third undetected particle, that carried away some fraction of the energy, restored this most
famous of conservation laws. It was not until 26 years later, in 1956, that Frederick Reines and
Clyde Cowan directly observed neutrinos interacting in a large tank of Cadmium-laced water

near the Savannah River nuclear plant in Augusta, Georgia [2].

The phenomenology of weak interactions has come a long was since Pauli’s "Dear Radioactive
Ladies and Gentlemen’ letter of 1930 and Fermi’s point-like four fermion model of nuclear
[-decay but there are still experimental results that cannot be explained within the Standard
Model. One such set of observations became known as the atmospheric neutrino anomaly
and show a discrepancy in the numbers of electron and muon neutrinos arriving at the Earth’s
surface. Cosmic rays incident on the upper atmosphere interact with molecular nucleons and
produce a cascade of secondary particles including large numbers of pions. These pions pre-

dominantly decay to muons with the following decay chain:
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T = 49, (1)

H —e +V, —I—Vlu 2)

Equations 1 and 2 (and their charge conjugates) suggest that the ratio of v,,(V,) : V. (V) arriving
should be 2 : 1, however, both water Cerenkov experiments such as IMB [3] and Kamiokande II
[4] and iron sampling calorimeter experiments such as Soudan 2 [5] have measured a deficit in
the numbers of v,,. A solution, suggested by Bruno Pontecorvo in 1967 [6], was the possibiltity
of neutrino flavour mixing analagous to the phenomenon of flavour changing weak decays for
the quarks. Pontecorvo postulated that if neutrinos had a finite mass and that the neutrino weak
eigenstates, which participate in the weak interaction, were not the same as the neutrino mass
eigenstates, which propagate through space, then a mixing matrix could be formed in a similar
way to the Cabbibo-Kobayashi-Maskawa (CKM) matrix of the quark sector. Consequently a
neutrino born of a particular flavour in a weak interaction will become a superposition of all
the flavours as the mass eigenstates propagate and at some time later can be detected in another
weak interaction as a neutrino of a different flavour. This phenomenon, known as neutrino
oscillations, can explain the apparent loss of atmospheric v, and it’s subsequent discovery by
the Super-Kamiokande collaboration in 1998 [7] required at least one massive neutrino and a

theory beyond the Standard Model.

Neutrino oscillations have been investigated by various experiments over the last ten years and
limits on the parameters governing the oscillations have been set. Experiments study neutrinos
produced in the cosmic ray interactions mentioned above, neutrinos produced in the nuclear
reactions taking place in our Sun or neutrinos produced in nuclear power plants across the
globe. One limitation on the accurate measurement of oscillations, stemming from the use
of such sources, is that these experiments do not have direct control over the creation of the
neutrinos. Another experimental possibility is to use a beam of neutrinos produced at a particle
accelerator and regulated with a specialised neutrino beamline. This is the approach being
employed by the Main Injector Neutrino Oscillation Search (MINOS) experiment, currently

running at the Fermi National Accelerator Laboratory (FNAL) near Chicago, Illinois.
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The primary physics goal of MINOS is to make an accurate measurement of the parameters
governing the oscillations of v, # V,, and the collaboration has already published it’s first re-
sults [8]. MINOS uses the Neutrinos at the Main Injector (NuMI) facility to produce a neutrino
beam, comprised almost entirely of v,,, and samples the beam composition and neutrino energy
spectrum with two large iron-scintillator tracking/sampling calorimeters; the Near Detector
on-site at FNAL and the Far Detector located in the Soudan Underground Laboratory, 734km
away in northern Minnesota. The most sensitive measurement of the neutrino oscillation pa-
rameters that MINOS can make is based on comparing the neutrino energy spectrum at the
two detectors; once at the Near Detector before the neutrinos have had a chance to oscillate
and then again at the Far Detector after oscillations have occured. The following sections will
present the theory of neutrino oscillations, describe in further detail the oscillation parameter
measurement technique used by MINOS and then finally motivate the analysis to be presented

in this thesis.

1.1 Theory of Neutrino Oscillations

In the Standard Model neutrinos are not given mass but it is now known, through the discovery
of neutrino oscillations, that this cannot be true. Neutrino masses can be generated in the
Standard Model but this requires additions to the framework and as such neutrino oscillations

are the first evidence for physics ‘beyond the Standard Model’.

Neutrino oscillations stem from the idea that the weak eigenstates of the neutrinos, in which
neutrinos are detected, are different from the mass eigenstates, which propagate through space.
These two ‘bases’ are related through a unitary mixing matrix, analagous to the CKM ma-
trix of the quark sector, called the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) [6][9] matrix.
A neutrino produced in a weak interaction will consist of a linear superposition of the mass

1 l

where Vj; are elements of the PMNS matrix. To understand the origin of neutrino oscillations

(in vacuum) consider a neutrino that is initially in the state V4 as defined in equation 3 and apply
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the Schrodinger equation to the i component in its rest frame to see that the time evolution of

this initial state component is:
[Vi(t)) = e~ ™% |v;(0)) “)

where m; is the mass of V; and T; the time in the frame of that component. This Lorentz invariant
phase factor may be re-written in terms of the time ¢ and position L in the laboratory frame and

the energy E; and momentum p; of the V; component in this frame:
exp(—im;1;) = exp(—i(Ejt — p;L)) = exp(—i(E; — p;)L) 5)

where equation 5 follows as the neutrino is, in practice, highly relativistic with ¢t ~ L. Then

assuming a definite common momentum p for all the components of Vq and m; < p:
E} =p*+m} = E;~p+m}/2p 6)

Equations 3 to 6 can be combined and then using E ~ p as the average energy of the compo-

nents of Vq:
Va(L)) & 3 Vae 20 v;) @

Then using the unitarity of the PMNS matrix to invert equation 3 and inserting the result into

equation 7 yields:

Va(L)) ~ S [z v;,-e—“m?/mvm] vg) ®)
B [

It can be seen from equation 8 that a neutrino born of flavour a and travelling a distance L will
become a superposition of all the neutrino flavours. The probability, P(vVq — Vg), of this Vq
|2

being of flavour {3 after travelling a distance L is given by |(vg|Vq(L))|*. Using the unitarity of

the MNS matrix and equation 8 this may be written:
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P(va—Vp) =83 — 4% R(VeVpVa Vg;)sin®[1.2708m3 (L/E))
=
+ 2y I(VaVaiVajVs;)sin[2.540m3; (L/E)] )

1>]

2 m? and the sine terms come from the relation:

where Am?j =m
L(km)

Am?,(L/AE) ~ 1.270m? (eV?

(10)

In the case that only two mass eigenstates (and hence two linear combinations of flavour eigen-

states) and a single mass splitting, Am?, are important equation 9 can be simplified to:

2

P(Vgq —vg) =4 sin®[1.276m*(L/E)]  (a #B) (11

; VoiVai
1

where the notation i+ means a sum over those mass eigenstates that lie above or below Am?.

Such situations can arise when, for example, the charged lepton that is produced along with the
subject neutrino for a particular experiment is only coupled to significantly by two mass eigen-
states. This is the case for the MINOS experiment where the muon type neutrinos produced by
the NuMI beam are only coupled to significantly by the v, and V3 neutrino mass eigenstates.
For such ‘quasi-two-neutrino oscillations’ [10] the mixing of the flavour eigenstates is given

by:

Vg cos®  sinb 2
= (12)
Vg —sin@ cosO Vs
where 0 is the mixing angle and using the relation:
2
4 ;v;iv&- = sin’20 (13)
14

the probability for a neutrino to oscillate from the initial state V4 to the state vg after travelling

a distance L is:
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P(Vg — V) = sin*20sin*[1.27Am* (L /E)] (14)

Equation 14 shows that for experiments, such as MINOS, that have a fixed' ratio of L/E the
amount of oscillation is dependant on just two parameters, the mixing angle 8 and the mass
splitting Am?. Figure 1 shows the survival probability of a Vv, as a function of energy using
the form of equation 14, the MINOS baseline of 735km, sin?20 = 1 (maximal mixing) and
Am? = 2.74 x 1073 [11]. MINOS is sensitive to the disappearance of neutrinos at ~2 GeV

corresponding to the first dip (from the right) in the probability function shown in figure 1.

v, Survival Probability

E, (GeV)

Figure 1: Muon neutrino survival probability as a function of neutrino energy.

The above derivations considered neutrinos travelling through a vacuum. The implications
of the passage of a neutrino through matter for its probabilities to oscillate to other flavours
are known as the Mikheyev-Smirnov-Wolfenstein (MSW) effect [12][13]. The MSW effect
considers the coherent forward scattering of neutrinos from particles they encounter as they
traverse a medium. Each of the v., Vv, and V; can undergo a coherent forward scatter via

the neutral current (Z° exchange) process shown in figure 2 but the v, can also undergo an

The neutrinos are in general not mono-energetic but have an energy spectrum that is peaked at a certain value

that depends upon the running conditions of the experiment.
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additional charged current (W* exchange) coherent foward scatter via the interactions shown

in figure 3.

e

Figure 3: Charged current coherent forward scattering diagrams for the interations of electron neutri-

nos (left-hand diagram) and anti-neutrinos (right-hand diagram) with matter.

The MSW effect is of great importance for the study of solar neutrinos due to the high electron
density of the sun but has little effect for the MINOS experiment which uses a beam comprised,

almost entirely, of muon neutrinos.

1.2 Measuring Neutrino Oscillations in MINOS

The signature for neutrino oscillations in MINOS is an energy dependant disappearance of v,
at the Far Detector, relative to the expectation assuming no oscillations, in accordance with
the structure of the v, survival probability function shown in figure 1. MINOS uses the data
from the Near Detector to validate the Monte Carlo simulation of the experiment and then

extrapolates the Near Detector neutrino energy spectrum, as predicted by the simulation, to
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the corresponding neutrino energy spectrum at the Far Detector. This prediction assumes that
none of the v, have oscillated into another flavour of neutrino and can be compared to the
Far Detector data. Deviations between the Far Detector data and the predicted un-oscillated
spectrum can then be fit to extract the neutrino oscillation parameters; Am? and the mixing

angle 6.

Figure 4 shows the reconstructed neutrino energy spectrum for interactions in the Far Detector
recorded during the first year of MINOS data taking as well as the predicted un-oscillated
spectrum, as extrapolated from the Near Detector via a number of different methods, and the
best fit Monte Carlo simulated energy spectrum assuming the oscillation hypothesis. Figure 4
also shows the ratio of data to the expectation from the Monte Carlo simulation as a function
of the reconstructed neutrino energy and this ratio exhibits a ‘dip’ structure indicative of the

presence of neutrino oscillations.

O .
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Figure 4: The left-hand figure shows reconstructed neutrino energy spectra for MINOS Far Detector
data, un-oscillated Monte Carlo simulation and best fit Monte Carlo simulation assuming the neutrino
oscillation hypothesis. The right-hand figure shows the ratio of the data to the Monte Carlo expectation

as a function of reconstructed neutrino energy and exhibits an energy dependant loss of vV, events.

Figure 5 shows the best fit neutrino oscillation parameters extracted from the MINOS Far
Detector data along with the 68% and 90% confidence intervals for this measurement. It also
shows the 90% confidence intervals corresponding to measurements made by the K2K and
Super-Kamiokande collaborations. Figures 4 and 5 are taken from [11] and show that, using

data from only the first year of running, MINOS has already made a competitive measurement
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of the neutrino oscillation parameters.
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Figure 5: Best fit neutrino oscillation parameters and confidence intervals corresponding to an analysis
of MINOS Far Detector data taken during the first year of running. The subscripts on the oscillation

parameters Am3, and sin®(2023) denote the neutrino mass eigenstates involved in the oscillation.

1.3 Motivation for Cross Section Measurements

The MINOS neutrino oscillation analysis relies on a knowledge of the event rate in the detectors
and this event rate is a product of the incident neutrino flux from the NuMI beam and the
neutrino interaction cross sections. Neutrino interaction cross sections are not well known at
lower neutrino energies (Ey, < 10 GeV) with uncertainties on the cross sections for certain

processes, such as quasi-elastic scattering, at the level of 20% to 30%.

An improved understanding of both the inclusive and exclusive cross sections for neutrino
interactions is both important for the analysis of MINOS data and interesting in it’s own right.
For quasi-elastic scattering, which is the dominant interaction type for neutrino energies below

~1.5 GeV, there have been many previous measurements in disagreement with each other.

Increased accuracy for neutrino cross section measurements is also important for the next gen-
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eration of neutrino experiments, such as Nova and T2K, that hope to measure a second mixing
angle, 013, which is responsible for the sub-dominant oscillations of v, to V.. These experi-
ments are going to be searching for a small effect and will have to tightly control their system-

atic error, to which the uncertainty on interaction cross sections will certainly contribute.

Finally, as will be demonstrated in the coming chapters, a study of quasi-elastic scattering
requires and can provide a large amount of other interesting information; (i) the NuMI neutrino
flux must be considered in a cross section analysis and an improved understanding of the NuMI
beam is advantageous for all MINOS physics analyses, (ii) quasi-elastic interactions probe the
axial nature of the nucleon in a way to which only neutrinos experiments have access and (iii)
in the MINOS detectors the v, are not interacting with free nucleons but with steel nuclei and
quasi-elastic interactions are sensitive to the, currently not well modelled, details of the nuclear

system.
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2 The Weak Interaction and Neutrino Physics

2.1 The Phenomenology of Weak Interactions
2.1.1 Fermi’s Point-like Four-Fermion Theory of Nuclear (3-Decay

Four years after Pauli first postulated the existence of the neutrino Enrico Fermi proposed the
first quantum field theory for the weak interaction. Analagous to the emission of photons in
nuclear y-decay Fermi considered the neutrino-electron pair to be created and emitted in the

nuclear transition of a neutron to a proton (as shown in figure 6).

‘.DI

Figure 6: Fermi’s pointlike four-fermion interaction picture of neutron B-decay.

Motivated again by quantum electrodynamics, Fermi considered the interaction to happen at
a single spacetime point and to involve a weak 4-vector ‘current’ between the neutron and
proton. To make the interaction Lorentz invariant Fermi also included a current between the
electon and anti-neutrino and constructed a ‘current-current’ interaction amplitude given by:

Gr Gr

\/iﬁpwunﬁe*y,uuw = \/5.11/\17.1;‘ (15)

where G is Fermi’s constant (Gr = 1.166x 107> GeV~2), u and i are Dirac spinors (math-
ematical repesentations of the quantum state of a particle), Y are the Dirac matrices, u is a
four-component index that labels time and spatial dimensions, j§ denotes the nucleon current
and jl“ denotes the leptonic current. In the Dirac respresentation the Y are defined by the

following matrices:
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01 O 0 | 0 0O 1 0
Y = y = (16)
00 -1 O 0O -1 0 O
00 0 -1 -1 0 0 O
0O 0 0 —i 0O 01 0
0O 0 ¢ O 0O 0 0 -1
VY = V=
0O ¢ 0 O -1 0 0 O
-1 0 0 O 0O 1 0 O

At some points in this chapter field theory notation (where Y(x,7) denotes a quantum field) will
also be used and using this notation equation 15 can be written as a local interaction density
according to:

Gr = =

%q"p(X?t)quJn(xvt)qje* (%,1)Yu P (x,1) (17)
Fermi’s current-current formalism was successful in describing many of the characteristics of
nuclear [-decay but it was unable to account for nucleon spin ‘flip’ (transitions where the nu-
clear spin changes by one unit). A further breakthrough came in 1936 when Gamow and Teller
introduced a more general four-fermion interaction in which they allowed bilinear terms (terms
with two indices), such as shown in equation 18, whose presence in the currents accomodated

the observed nucleon spin flips.
_ i
ApOuity,  Where Oy = E(V,uyv —YoYu) (18)

Over the next twenty years both the muon and pion were discovered and a wealth of weak
interaction data was collected that could not be adequately explained by any of the proposed
forms for the weak interaction. The solution was suggested in 1956 in a pioneering paper by
Lee and Yang [14] who questioned the conservation of parity (inversion of spatial coordinates)

in weak decays. It is now known that the weak interaction maximally violates parity but at that
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time parity was thought to be a fundamental property of all the interactions in nature and had

been implicitly built into the proposed structure of the weak interaction.

2.1.2 Parity Violation and the V-A Structure of the Weak Interaction

Parity is the inversion of spatial coordinates and allows for a definition of polar vectors, pseu-
dovectors (or axial vectors), scalars and pseudoscalars. A polar vector, V, is one that transforms

in the same way as the coordinate x under the parity operator, P:
P.x—-—-x , P:V—-V (19)

and common examples of polar vectors are velocity, momentum and the electromagnetic cur-
rent. Axial vectors transform in the same way as the vector product of two polar vectors and

do no change sign under the parity operator:
P:UxV—(-U)x(-V)=UxV , P:A—A (20)

and both angular momentum (1 = x x p) and spin are examples of axial vectors. Scalars do not
change sign under the parity operator as can be seen when forming from the dot-product of two

polar vectors:
P:U-V— (-U)-(-V)=U-V (21)

whereas pseudoscalars do reverse sign under the parity operator and could be formed from the

triple scalar product of three polar vectors:
P:U-(VxW)— —-U-(VxW) (22)

It can be shown that, under the parity operator, the free particle solution to the Dirac equation;

W(x,r) =N 0_(: e iEITiPX (23)
E+m®
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where @ is a two-component Dirac spinor and N a normalisation factor, has the following

transformation:

P:Y(x,7) — Pp(x,t) = PY(—x,1) (24)

where B = y°. As such a unitary quantum field operator, P, can be introduced such that:

Wp(x,1) = PY(x,1)P~" = Bu(—x,1) (25)

and possible forms of the weak interaction can be considered under the effect of this parity

operator. For example consider the spatial parts of Fermi’s weak 4-vector current:

Pip(x, )Y Pop(x,1) = QJIP(XJ)BVH%P(XJ)
= QJ-{(—X,Z)BBVHBQJz(—X,[)
= —lill(—X,l‘)yulllz(—X,l‘) (26)

as By = —y'B . B =1

Equation 26 shows that the spatial components of the 4-vector current transform like a polar
vector under parity. A similar exercise shows that the u = 0 time component transforms as
a scalar under parity and as such Fermi’s 4-vector currents do not allow for parity violation
in the weak interaction. To accomodate parity violation the interaction must have terms that
transform like axial vectors so as to produce both pseudoscalars and scalars. For Dirac particles

these terms are introduced via the ys matrix:

vs = ’Y'V'Y  and  {ys,y,} =0 for u€{0,1,2,3} (27)

Equation 28 shows that a current involving Y5 transforms as a pseudoscalar under parity and

illustrates that the inclusion of Y5 allows for parity violation in the weak interaction:
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Interaction Type ‘ Current Form ‘ Parity ‘

Scalar QP Even
Pseudoscalar Qys Odd
Vector Py @ 0dd
Axial Vector Qyys P Even

Tensor U5 (WY —yy)b | Odd

L
Pseudotensor lJJ% (VY —y'V¥)ys®¥ | Even

Table 1: Possible forms of the weak interaction allowed in the Dirac theory.

Dip(x,0)ysPop(x,1) = ©]p(x.1)Bys Pop(x,1)
= lIJJ{(_X>t)BBVSBqJZ(_X7I)
= —Pi(—x,1)ysP2(—x,1)  as Pys = —ysB (28)

It can be shown that currents of the form () (x,¢)y*ys (2 (x,¢) transform as axial 4-vectors under
parity (with the u = 0 components transforming like a pseudoscalar and the spatial parts trans-
forming as an axial vector). Table 1 summarises the possible forms for the weak interaction

allowed in the Dirac theory and notes how they transform under parity.

Parity violation was discovered in 1957 by Wu et al [15] in the nuclear B-decays of %°Co and
shortly after it was realised that Fermi’s current-current interaction involved a combination of
V-type (vector) and A-type (axial-vector) currents. A ‘V-A’ (vector minus axial) structure was
proposed for the weak interaction which involved replacing Fermi’s original 4-vector currents

according to the following (where the Dirac spinor notation is again used):

g~ Yutty = fe=Yu(1 = Y5)uty (29)
The V-A structure of the weak interaction is fundamental to the Standard Model and has the
profound implication that only the left-handed components of fermions and the right-handed

components of anti-fermions participate in the weak interaction.
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2.1.3 Chirality and Helicity

The helicity operator is defined as the projection of the spin of a particle in the direction of

motion:
- =——_0- f) (30)

and chirality, which is an underlying characteristic of the weak interaction, can be expressed
as the sign of the helicity operator. Particles with negative chirality are said to be left-handed
whilst particles with positive chirality are said to be right-handed. In the Pauli-Dirac represen-

tation of the gamma matrices:

0 b
Y5 = €2y
L 0

and using the (fermionic) Dirac spinor solutions from equation 23:

ey 0 I 0 @
¥s = I e (32)
Up 12 0 E +I:n ¢ ¢

As the mass of the particle tends to zero then E — |p| and:

Ug (0-p)o (0-p)o
s - o (33)
up ® (0-p)°@
which implies that:
Uy cp O Ug
up 0 o p Up

Equation 34 shows that as the mass of a particle tends to zero then Ys tends to the helicity
operator. In the Standard Model the neutrino is assumed to be massless and so the neutrino’s

helicity is the same as it’s chirality. Left-handed chirality state massive particles will have
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mainly left-handed helicity but with some right-handed helicity and vice versa for right-handed

chirality state massive particles. Helicity projection operators may be introduced:

1— 1
PLE< 2y5> , PRE< J;y5> (35)

satisfying:

Pa=Pr , P'=P, , PrPL=PPr=0 , Pr+P =1 (36)

and then the left-handed and right-handed helicity components of Dirac spinors may by defined

as:

ur=Pu , ur=PFPru 37

These relations allow us to write the V-A current between to fermionic Dirac spinors as:

_ a1 _ _
uly" 2y u = Ml\/lPLuz = uly"Pfuz
= Y Pruyr = ity PrY'uor.
= ulPBY'urr = uirY'uar (33)

Equation 38 shows that the V-A structure, that has been built into the theory of the weak
interaction, implies that only the chiral L components of fermions enter into weak interactions
(a similar argument shows that only the chiral R components of anti-fermions enter into weak
interactions). Furthermore, due to the helicity operator transforming as a pseudoscalar under
parity, it can be shown that the V-A structure of the weak interaction also implies that the
positive helictity components of all massive fermions are suppressed in interactions by factors

of order m/E (and vice versa for the negative helicity components of anti-fermions).

The Standard Model does not predict the helicity state of the neutrino but, as it was assumed

to be massless, the neutrino could have either fully positive or negative helicity. In 1958 Gold-
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haber et al [16] considered the capture of electrons on !>?Eu and showed that the helicity of the
emitted neutrinos was (within errors) 100% negative. This result was taken as strong confirma-
tion of the V-A nature of the weak interaction and strong motivation for massless neutrinos in

the Standard Model.

The V-A theory was very successful but it still assumed a current-current interaction which was
accompanied by a number of theoretical issues. In the 1960s physicists worked towards a gauge
theory of the weak interaction that involved the introduction of a weak gauge symmetry group
and resulting intermediate vector boson fields (introduced to keep the Lagrangian invariant un-
der certain local transformations). The weak interaction was unified with the electromagnetic
interaction and, through spontaneous symmetry breaking and the Higgs mechanism, these in-
termediate particles aquired masses and became the familiar photon, Z° and W bosons of the

Standard Model.

2.1.4 The Glashow-Weinberg-Salam Electroweak Gauge Theory

The theory of weak interactions views e; and V.. as two states of the same particle under
charged current (CC) processes which suggests that this pair (along with g, < V1, uy <> dj...)
transform as doublets under some symmetry group. The group, originally proposed in 1961 by
Glashow [17] and the worked with in 1967 by Weinberg [18] and in 1968 by Salam [19]), was
SU(2).

The group is labelled SU(2);, to denote the fact that only the left-handed chiral components of
the fields enter the weak interaction and corresponds to transformations in the internal space
of weak isospin. SU(2) is isomorphic to SO(3) and so such tranformations can be thought of
as rotations in a three-dimensional weak isospin-space. We use I and /3 to denote the quantum

numbers of weak isospin and make the following assignments for the leptonic fields:

A A

1 L=+1/2 vV, Y
2 L=-1/2 e

=
<>
A

(39)

=
—

L L L

The transformations can be written as:
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—exp(—ia-12) | (40)

L L

where T are the Pauli matrices (denoted such to show that they act in an internal space). This
group could be considered as a local gauge invariance (meaning local transformations, @ (x),
should be allowed but not change the observed physics) and would entail the introduction of
three gauge fields (for local definitions of the three axes in weak isospin-space); two of the
fields would have ‘charge’ £1 (to allow transitions between the doublet members) with the
third being a neutral field. Weak neutral current (NC) interactions were first reported in 1973
by Hasert et al [20] using the Gargamelle bubble chamber experiment at CERN and are known
not to be pure V-A in nature. As such this third potential gauge field, coming from the pure

V-A phenomenology, would not suitably describe NC interactions.

The solution was the unification of the weak and electromagnetic interactions via the addition
of an extra U(1) gauge group resulting in an SU(2), ® U(1) structure. This new gauge group
had to include an entity corresponding to a right-handed electron (for the electromagnetic in-
teraction) and, because such an object is not observed in CC weak interactions, this entity had
to be a singlet in weak isospin-space. For example, the first generation of leptons and quarks is

arranged into SU (2) doublets:

<
o
<

(41)

x>
|
S

and SU (2) singlets; ég.ig and dg. Then the weak hypercharge, Y, was introduced (to dif-
ferentiate between left-handed doublet and right-handed singlet particles) in analogy with the

‘ordinary’ charge of the electromagentic interaction where:

Y =202 42)

where Q is the electric charge and /3 the third component of weak isospin. Local transforma-

tions in the internal space of weak isospin and local phase changes, corresponding to the U(1)
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part of the electroweak symmetry group, should not affect the observed physics and can be

expressed as:
R = exp (igu@(#) - 1)/2-+ig B*)Y ) R (43)

where ¥y is a left-handed chiral doublet, g,, and g/ are coupling constants and x* is a point in
space-time. In order to keep the Lagrangian invariant under such local SU(2) ® U(1) trans-
formations four new gauge fields must be introduced; two charged (Wﬁ ») and one neutral field
(W4") for the SU(2) part of the symmetry group and a second neutral field (B*) for the U(1)
part of the symmetry group. Again the charged fields are responsible for raising and lowering
members of the left handed chiral doublets whilst the two neutral fields will between them ac-
count for both weak NC and electromagnetic interactions. The gauge invariant Lagrangian can

be written as:

A

~ . T = : A A . : A A
Y (lau - gwi "W, — %YB,u> X + XrY (la,u - %YB,u> XrR
— ZW'UVW 7 B 44)

where the final two terms are the self-interactions of the introduced gauge fields and the right-
handed chiral fields only interact via the B* leaving electromagnetism free from ys and parity

violating terms.

The electroweak Lagrangian of equation 44 is not permitted to contain mass terms for the gauge
fields, such as sz,,B“ . However, through spontanteous symmetry breaking the massless Wl"
and W' combine to form the massive W= fields and the massless W}’ and B combine to form
the massive Z° and massless photon fields. These fields are viewed as propagators (exchanged
virtual bosons) and can be included in the construction of Feynamn diagrams for Standard

Model weak processes such as shown in figure 7.

The matrix element for the transition shown in figure 7 can now be written, in terms of Dirac

spinors and including the exchanged virtual boson, as:

35



Figure 7: W exchange process for Ve +u~ — e~ +V,,.

—g" +61"qv/Mv2v] [_ig_w _

igw _ 1 . 1
_ 8w y”(l _VS)U;[:| |:l q2 Y7 U, —y,,(l —ys)uvf 45)
w

V22

where g,, /1/2 is the coupling strength at each vertex, g"* is the metric tensor and ¢ the squared

four-momentum transfer between the vertices.

Atlow ¢ (¢* < M%,) the W-propagator can be replaced by the constant term g¥ / M%, leading
to a matrix element, as shown in equation 46, that looks very similar to the current-current form.
In fact the V-A current-current interaction can be thought of as the low energy approximation

of the full Glashow-Weinberg-Salam gauge theory of electroweak interactions.

igfv_l

_ 1
_mu\}pEW(l — Y5)I/t‘uf Ue— Evl(l — y5)l/l\;€7 (46)

where it can be seen that g,, relates to Fermi’s constant via:

Gr g
N (“47)

Equation 46 illustrates how the transition amplitudes for simple leptonic scattering in the Stan-
dard Model can be built from V-A currents involving Dirac spinors, a virtual boson propagator
and interaction coupling strengths. The weak interaction is known as ‘universal’ because all

lepton pairs undergo the same form of the V-A coupling, with the same ‘strength parameter’,
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and this property means that cross sections for a large number of scattering processes can be
computed using the above formalism. However, the phenomenology of neutrino scattering off

nucleons, and nucleons that are bound in nuclei, faces some additional complications.

2.2 Neutrino-Nucleus Scattering
2.2.1 Neutrino-Nucleon Scattering

The pure V-A structure of weak interactions, being the equal difference of the vector and axial

parts, is also valid at weak vertices where we have a current between quarks such as:

iy (1 —Ys)ug (48)

but when moving from the quark level to vertices including nucleons there are additional strong
interaction effects to consider. The proton and neutron are not simple pointlike particles but
have some internal structure with quantum chromodynamics (QCD) allowing many processes
such as the emission of gluons from valence quarks and quark-antiquark pair formation from
the gluons. It is known that, even with such processes occuring, the net electric charge is
conserved (the proton always has a charge of e) but there is no reason to believe that the same
is true in the weak interaction. For example, when a quark-antiquark pair is formed the net

contribution of this pair to the weak interaction may not be zero.

If intermediate vector boson and q2 considerations are, for the moment, put aside then the
effects of the strong interactions can be accounted for by making the following replacement in

the weak current:

(1=Ys) = (cv —cays) (49)

where the correction factors cy and c4 can be determined experimentally. Experiments, such

as those looking at neutron [3-decay, have measured these constants to be:

cy =1.000£0.003 , c4=126+£0.02 (50)
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Equation 50 shows that the vector part of the weak current is not modified by the presence
of strong interations in the nucleon. This suggests that there is some conservation law that
‘protects’ the vector current in the same way that the electromagnetic charge is protected.
This conservation law is known as the Conserved Vector Current (CVC) hypothesis and was
theoretically formulated in 1958 by Feynman and Gell-Mann [21]. They postulated that the
vector part of the weak current i,Y),u,, it’s conjugate current i, Y,u, and the electromagnetic
current i, Y,u, form a triplet of conserved currents in the internal isospin space of the strong

interaction.

Equation 50 also shows that the axial part of the weak current is not heavily modified by the
presence of the strong interaction and hinted at the Partially Conserved Axial Current (PCAC)

hypothesis that was presented in a paper in 1960 by Gell-Mann and Levy [22].

2.2.2 The Kinematics of Neutrino-Nucleon Scattering

Before further discussing the theory of neutrino-nucleon scattering it is helpful to formally
introduce the kinematic quantities associated with a general CC scattering process between a
neutrino and a nucleon. Figure 8 shows the diagram for the process v, + P — u~ + X (where
X denotes the hadronic system) and labels the measured (lab frame) quantites for such an
event using the MINOS detectors and the centre of mass frame four-momenta of the involved

particles.

Table 2 lists the Lorentz invariant kinematic quantities (quantities that take the same value
independant of the frame of reference in which they are calculated) that describe the interaction
and presents the formulae for constructing these variables using both the centre of mass frame

particle four-momenta (as labelled in figure 8) and using the lab-frame measured quantities.

In a quasi-elastic scattering (QEL) event, vV, +n — u~ + p, the neutrino is considered to scatter
off an entire nucleon, rather than it’s constituent partons, and the target nucleus is modified but
does not break up. If an event is assumed to be a quasi-elastic interaction then the hadronic

system constitutes a single proton (W? = sz,,omn).
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Figure 8: Kinematics of CC V,-N scattering.
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The diagram labels the four-momenta of the involved

particles in the centre of mass frame and the variables contained inside the red boxes correspond to the
lab frame quantities measured by the MINOS detectors. The Bjorken scaling variable, x, denotes the

fraction of the nucleon momentum carried by the struck quark.

of the hadronic system, W2

Lorentz Invariant Centre of Mass Lab Frame
Frame Calculation Calculation
Energy transferred to p-q/M Epaa
the hadronic system; v
Inelasticity; y (p-q)/(p-ki) Enaa/Ey
Squared four-momentum —q° 2EVE, (1 —cos(8,))
transfer; Q2
Bjorken scaling variable; x 0*/2p-q Q? |2EpaM
Squared invariant mass of (p+ q)2 M? 4+ 2E.aM — Q>

Table 2: Calculation of Lorentz invariant kinematic quantites describing charged current neutrino-

nucleon scattering. In the formulae M is the mass of the stuck nucleon.

39



A consequence of this assumption is that a number of the kinematic variables describing a
quasi-elastic interaction can be redefined using just the measured quantities corresponding to
the outgoing muon. These QEL-assumed kinematic quantities are introduced in the following
list and both they and the standard kinematic variables of table 2 will be referred to extensively

throughout this thesis.

e Neutrino energy: in MINOS the neutrino energy is usually reconstructed by summing

the visible energy in the detector for a given event (Ey, = E,, + Ej4q) but if an event is

assumed to be a quasi-elastic interaction then a QEL-assumed neutrino energy, EVQEL,
can be constructed, using just the kinematics of the muon, according to:
EM — (M2)2
EQEL 1 (M;;/2) 51)

M —E,+ pycos(8,)

where M is the mass of the struck nucleon, M, is the mass of the outgoing muon and
equation 51 neglects terms that are multiplied by the binding energy of the struck nucleon

inside the target nucleus.

e Squared four-momentum transfer: the QEL-assumed four-momentum transfer be-
tween the leptonic and hadronic vertices, QZQEL, can also be computed using just the

kinematics of the outgoing muon according to:

Qhrr = —2ES™ [E, — pucos(8,)] + M? (52)

2.2.3 The Quasi-Elastic Cross Section

For a QEL scattering event with four-momenta as given by equation 53:
Vu(p) +n(P) = u(p)+p(P) (53)
we can write the most general matrix element from electroweak theory as:
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where B¢ is the Cabibbo angle (a measure of the probability that one flavor of quark will change
into other flavors under the weak interaction) and r’éc(qz) is a term containing complex weak

form factors for the nucleon:

Y

i0"q 2\, 2
F —F
L Fu() + L ()

ioVqY
2Mq Fr(q®)+ %FP(QZ)> Ys (55)

r'léc = VUFV(QZ)+

+ <y“FA(q2) +

where M is the mass of the struck nucleon. These weak form factors parameterise the amount
of each type of weak current participating in the interaction. They are functions of the four-
momentum carried by the vector boson ‘probe’, ¢2, reflecting the fact that for different values
of ¢* the boson ‘sees’ different levels of the nucleon internal structure (and hence different
amounts of each coupling type contribute) and are related in the g> = 0 limit to the correction

factors cy and c4 of equation 49.

Using table 1 the V-type nucleon form factors can be identified as; the vector form factor
Fy (also written as F‘}), the weak magnetism form factor Fy, (often written? as EF& where
& =k, —k,+ 1 and k,/, are the anomalous magnetic moments of the proton and neutron and
F2 is a second V-type form factor) and the scalar form factor Fs. The A-type form factors can
be similarly identified as; the axial-vector form factor Fy, the pseudotensor form factor Fr and

the pseudoscalar form factor Fp.

These, in general complex, form factors must be measured experimentally and it has been
confirmed that neither the scalar-type or pseudotensor-type currents contribute to the weak

interaction with nucleons. This measurement has also been explained theoretically, for example

2Note that the superscript 2’ in F‘% denotes that this is a second V-type form factor and should not be read as

raising the form factor to the second power.
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in the 1972 paper of Llewellyn-Smith [23], where the preservation of time reversal invariance
(T) requires all the form factors to be real and the preservation of charge symmetry (C) requires

both Fs and Fr to be imaginary. As such these two form factors are set to zero:
Fs(¢®) =Fr(¢*)=0 V¢ (56)

In cross section calculations Fp is multipled by mf, and so for neutrino energies Ey >> mf, the
pseudoscalar form factor can be neglected?. Neglecting the pseudoscalar interaction and setting
the scalar and pseudotensor form factors to zero, equation 55 can be reduced to:

io*Vq¥
STRLACE (57)

Me =Y [F) (@%) — VsFa(q®)] +

Using this reduced form of the description of the hadronic vertex and turning the matrix element
of equation 54 into a cross section, the differential cross section, with respect to ¢2, for QEL

scattering can then be expressed as in equation 584:

do  M*G}cos*(6.)

(s —u)?
dig?] ~  8TmE]

M4

A(q*) = B(q")—~—5 +C(q°) (58)

M?2
where s —u = 4E\M + ¢* — m,z, my is the mass of the produced charged lepton and the factors

A(q?), B(¢%) and C(g?) can be written:

2 2 2 2
my—q q q
Alg") = iLMZ [(4_ M_2> |Fal® — <4+ W) Fy I

er? 1+ < )- AT ReF Ly
v 4M? M?

qZ
el
my 1 242 2

o (R 48RP+ AP (59

31f scattering involving the T was considered Fp should not be neglected.
4This is the equation for neutrinos (v — [~ p). For anti-neutrinos (Vp — [*1) the term —B(qz) must be replaced

with +B(g?).
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Bq) =~ [(F) +EF))ReF] (60)
o)=L (|F 2R "—zwaFﬂz) 1)
T\ T T e S

To further constrain the vector form factors of equation 58 it is helpful to briefly consider the
elastic scattering of electrons from nucleons. Since the 1950s it has been known that the proton
(and neutron) can not just be a mathematical point charge with a pointlike magnetic moment
and in 1950 Rosenbluth [25] was one of the first to consider separating these two parts and using
form factors to describe their contributions. The ideas of Rosenbluth were applied to elastic
electon-proton scattering and it can be shown, for example in [24], that the electromagnetic
current part of the hadronic vertex for the elastic scattering of electrons off nucleons has the

following general form:

ipn(P) \Y'Fy,(q") Fy(a?) | ttnp (P) (62)
where F, 1,17,, is the Dirac form factor, which relates to the deviation of the nucleon from a point
charge particle, and inn is the Pauli form factor, which relates to the deviation of the nucleon
from a pointlike magnetic moment. It is interesting to note that whilst equations 57 and 62 are

very similar there are no parity violating Y5 terms present for the electromagnetic interaction.

The Dirac and Pauli form factors are often combined into the Sachs [26] electric and magnetic

form factors for the proton and neutron according to:

_ 2

Gg’n(Qz) = Fpl,n(Qz) MFp,n(Qz) > Gﬁn(Qz) = Fpl,n(Qz) +F172,n(Q2) (63)

The Sachs form factors have been well measured in electron scattering experiments and fur-
thermore these measurements have established a common form that describes all of the form

factors; the dipole form factor Gp(g?):
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Gi(q*)=Gp(q®) . Gi(g*)=0

Gh(¢*) =mpGp(d®) . Gi(q®) =uGp(q") (64)

where:

Gp(¢?) = 3 (65)

and My is the vector mass (which has also been well measured in electron scattering exper-
iments). It should be noted that G%(g*> = 0) has to be zero because the neutron has no net

electric charge and this form factor is usually set to zero for all values of ¢2.

Assuming the CVC hypothesis the Sachs form factors (which derived from the nucleon form
factors for the electromagnetic part of the elastic scattering of electrons off nucleons as given
in equation 62) can be related to the weak nucleon vector form factors of equation 57 according
to:
2
[GE(4*) — GE(a*)] — 44z |G (d®) — Glu(4”)]

R (q) = - (66)
T AM?

F2 () = (G (a*) — Gz’h(qzl)] —ngZ(qz) —Gi(4°)] )
~ar

Equations 66 and 67 show that the weak vector form factors that enter into the calculation of
the cross section for QEL scattering can be constrained by the accurately measured Sachs form
factors using the CVC hypothesis. In the above prescription (where the Sachs form factors
are expressed in terms of the dipole form factor) the weak vector form factors are known as

‘Dipole Form Factors’.

The only remaining uncertainty in the cross section (equation 58) for QEL scattering comes
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from the axial-vector form factor, F4(g?). By analogy with the vector case the axial-vector

form factor can be written using a dipole approximation as follows:

Fo(g) = ——— (68)

5 2
(- )

where MEEL is the axial-vector mass. Fj(g*> = 0) has been measured in neutron B-decay ex-
periments (following the discussion of the corrections factors cy and c4) but the q2 dependance
of the axial form factor (which is equivalent to measuring MEEL) needs to be extracted from
weak CC neutrino-nucleon QEL scattering data. The dipole form is quite similar to the form
for a propagated vector boson and the axial-vector mass could be thought of as the mass of the

propagated boson corresponding to the axial-vector part of the weak interaction.

Figures 9 and 10 show the differential cross section for CC QEL scattering as a function of Q?
for mono-energetic neutrinos scattering off free nucleons using different values of MEEL. In
the first figure the curves are normalised to area and show that changing the value of MEEL has
an effect on the shape of the cross section whilst in the second figure the curves are absolutely
normalised and show that changes to MEEL also influence the overall normalisation of the cross

section.

2.2.4 Nuclear Effects

For values of Q% ~ 0.2 GeV? the vector boson probe has a wavelength that is approximately
the size of the nuclear diameter for iron (the main nuclei with which neutrinos interact in
the MINOS detectors) and so, for Q% values below ~0.2 GeV?, the probe does not see the
internal structure of an individual nucleon but rather the scattering process is affected by the
fact that the target nucleon is embedded in a nucleus. The type and level of nuclear effects are
dependant on the target nucleus in question and, for example, older experiments that considered
QEL neutrino-deuterium scattering are less sensitive to these effects than MINOS where the

neutrinos are primarily incident on heavier iron nuclei.
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Figure 9: Effect of changing MEEL upon the free nucleon QEL scattering crosss section. The curves

correspond to mono-energetic neutrinos (at 1 GeV) and do not include any nuclear effects. The cutoff

at higher Q? is purely kinematic and the curves are normalised by area. Figure courtesy of [27].
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at higher Q? is purely kinematic and the curves are absolutely normalised. Figure courtesy of [27].
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Nuclear effects will change both Opgz and the kinematics of the final state. They include the
Fermi motion of the struck nucleon (the movement of the nucleon inside the target nucleus),
it’s binding energy in the nucleus, Pauli blocking (a consequence of the application of the
Pauli Exclusion Principle to the nucleus) and final state interactions (FSIs) such as intranuclear

re-scattering and the Coulomb interaction with the nuclear remnant.

Pauli blocking is a consequence of the fact that identical fermions cannot occupy the same
quantum state. In the case of QEL neutrino scattering this means that the struck nucleus can
only be excited if there is an unoccupied final energy state for the outgoing nucleon. Recent
experiments have used mean-field (MF) models such as the Hartree-Fock, shell and Fermi Gas
models to describe Pauli blocking (and nucleon Fermi motion) for QEL scattering. In MF
models the excitation of the nuclear system is described as the transition of a nucleon from a
state below the Fermi surface (a certain value of nucleon momentum, the Fermi momentum,
below which all energy levels are filled) to one above the Fermi surface. The MF models
represent the nucleus as a translationally invariant system composed of an infinite number of

nucleons with a momentum distribution given by:

T

%ﬂ@(/@ —[p)) (69)

n(|pl) =
where © is the Heaviside function, T = Z or N for the nucleus in question, kr is the Fermi
momentum and p is the nucleon 3-momentum. The value of the Fermi momentum depends
upon the nucleus in question but is typically 200-300 MeV. In Fermi Gas (FG) simulations
all energy levels up to the Fermi surface are considered to be filled and any interaction with a
momentum transfer that leaves the final state nucleon with a momentum less than the Fermi

momentum is considered to be Pauli blocked.

QEL neutrino-nucleus scattering was first evaluated in a FG model in 1972 by Smith and Moniz
[28] and can have large effects at low values of 02. Figure 11 shows an example of the effect
of moving from a free nucleon description of Ogg;, to a FG model with 3 different values of

the Fermi momentum.
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Figure 11: Implications of nuclear effects in a FG model, with 3 different values of the Fermi momentum,
on the QEL cross section as a function of Q> compared to the free nucleon prediction. This figure was
taken from a talk by M. Sakuda at the NuFact 05 conference.

The FG model improves agreement with experimental data, especially when combined with a
model for FSIs, but it is not perfect in the Q% < 0.2 GeV? region and much progress has been
made in the last decade to improve understanding of nuclear effects beyond the MF approxi-
mation. Of particular interest is the development of nuclear spectral functions which include a

better description of the momentum distribution of nucleons within nuclei [29].

Pauli blocking is the most prominent nuclear effect for studies of QEL scattering at low neutrino
energies and low Q7 but final state interactions are also important. FSIs deal with the passage
of the final state through the nucleus and in the case of a v,-CC QEL interaction the final
state proton can be re-absorbed or re-scattered by the nuclear remnant leading to different
observable particles and event kinematics in a detector. The propagation of the final state is
usually handled, in current simulations, by an intranuclear cascade model such as presented in

[30]. The ramifications of intranuclear re-scattering for MINOS are discussed further in [31].

2.2.5 Deviations from the Dipole Form

The amount of experimental data on the electromagnetic form factors of the proton and neutron
has increased dramatically since the proposition of the dipole form approximation. In 2003 new
fits were performed [32] to electron scattering data using an inverse polynomial form for each

of the Sachs form factors:
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Gy u(Q° =0)
N 2 _ E,M
Gem(Q) = 1+ a20% + as0* +agQ0 + - (70)

" is the Sachs electric form factor for the neutron and must take the value of zero at g> = 0
because the neutron has no net electric charge. Many neutrino experiments had assumed that
this form factor was zero for all values of g but the new ‘BBA-2003 Form Factors’ allowed
G'. to evolve away from zero with g>. The change from using Dipole Form Factors to the
BBA-2003 Form Factors has a reasonably large effect on the QEL cross section and figure 12

shows that the cross section is reduced by up to ~7%.

(BBA-2003,m ,=1.00)/(Dip, GEn =0,m ,=1.05)
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Figure 12: Ratios of Oggy versus energy using the BBA-2003 Form Factors with M/?EL = 1.00 GeV
versus the Dipole Form Factors with MEEL = 1.05 GeV. The MEEL values are chosen such that the

sample Q? distributions are as similar as possible. Figure taken from [32].

Figures 13 are again taken from [32] and show the cross sections for QEL scattering on Carbon
using the BBA-2003 Form Factors and MfEL = 1.0 GeV for free nucleon and FG calculations
along with experimental data taken using a number of different nuclear targets. They illustrate,
in the case of neutrinos, that the shape of the QEL cross section is approximately flat with
energy (above ~1 GeV) and relatively well constrained whereas the overall normalisation of

the cross section is not so well known.

In 2005 the BBA-2003 Form Factors were revised [33] using a new fitting function for the
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Figure 13: Cross sections for V,-CC QEL and V,-CC QEL scattering along with data from various
experiments. The calculations use MEEL = 1.0 GeV, F4(0) = —1.267, M‘z, =0.71 GeV? and BBA-2003

vector form factors. These figures were taken from [32].
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nucleon electromagentic form factors and with the addition of some additional constraints.
The resulting QEL scattering cross sections did not change significantly from those presented
in [32] but, to differentiate this parameterisation from earlier work, these form factors are

known as the ‘BBA-2005 Form Factors’.

It is also worth restating that the dipole approximation for the axial-vector form factor, Fjy, is
not necessarily accurate and furthermore that it could depend upon the nuclear environment.
As such, fixed target neutrino scattering experiments that use different nuclear targets could
expect to measure slightly different values of MfEL (within the dipole approximation) due to

the different underlying parameterisations of F4 required.

. . iy . . EL
The next chapter of this thesis will introduce some of the previous measurements of Mg ,
present a compilation of previous results and discuss some of the complications inherent in
comparing the measurements made with various experiments stemming from sources such as

differences in the target nuclei.
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3 Measuring MEE L

Electron scattering experiments, such as those at the Jefferson Laboratory in Virginia, have
measured the vector form factors of the nucleons and neutron [3-decay experiments have mea-
sured the value of F4(g*> = 0) with both sets of measurements achieving high precision. How-
ever, only neutrino scattering experiments can extract the g2 evolution of the axial-vector form
factor and so, assuming a dipole form for F4, measurements of the QEL cross section are

: . EL
essentially measurements of the axial-vector mass, Mg .

There are a large number of previous experiments that have extracted MEEL for a variety of

nuclear targets and neutrino energies and with several different methods. This chapter will
first present a brief introduction to the methodology of extracting MEEL from QEL neutrino-
nucleus scattering data. Older results from a deuterium-filled bubble chamber will be discussed
followed by results from more recent experiments using carbon and oxygen targets. The final
section will collate results from a larger number of experiments and present the current world-

average values.

3.1 General Method for Extracting MAQE L

The only uncertainty in the differential cross section for quasi-elastic scattering as a function of
Q7 (as given by equation 58), when the measurements mentioned above are taken into account,
is the axial-vector form factor F4(Q?). In turn the only uncertainty in the dipole approximation
for Fy is the axial-vector mass, MfEL. Consequently neutrino scattering experiments extract

MEEL by analysing the Q? distribution for weak charged current QEL events.

Figures 9 and 10 from the previous chapter showed that changes to the value of MfEL will af-
fect both the shape and normalisation of the Q? distribution for QEL events and so experiments
can consider using pure rate information, pure shape information or both. In figure 9 the curves
were normalised by area illustrating the features that a shape-only fit uses to differentiate be-
tween values of MEEL whilst in figure 10 the curves were absolutely normalised and illustrated
the extra information that can be used in fits that look at both the shape and normalisation of

the Q? distribution for QEL events.
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3.2 Results from the Argonne 12-Foot Bubble Chamber

Some of the most accurate previous measurements of MEEL came from the 12-foot bubble
chamber at the Argonne National Laboratory which was exposed to a neutrino beam produced
at the Zero Gradient Synchrotron (ZGS) facility. The ZGS brought 12.4 GeV protons to focus
on a beryllium target with the produced charged hadrons focussed by two> magentic horns.
The hadrons, mainly 1T, were allowed to decay in a 30m long drift space with a steel and lead
shield aborbing the resulting hadrons and charged leptons. The muon neutrinos passed through

the shielding and this beam was incident on the deuterium filled bubble chamber.

The neutrino beam flux peaked at ~0.5 GeV with a tail out to 6 GeV and was modelled using
a simulation of the neutrino beamline and utilizing the measured yields of hadrons from p-Be
collisions. The uncertainty on the flux was estimated to be +15% except at the higher neutrino
energies where the fraction of neutrinos coming from kaon decay increases and the lack of K™

production measurements drove the uncertainty to £25%.

The bubble chamber was filled with liquid deuterium heated to just below it’s boiling point.
As particles entered the chamber the pressure was decreased and the deuterium entered a su-
perheated phase. Charged particles in the chamber then left ionization tracks around which the
deuterium vaporised forming tiny bubbles. These bubbles grew in size as the chamber was ex-
panded until the point where they could be photographed by an array of cameras. The bubble
density around a track (or ‘prong’) was proportional to the particle energy loss and, since a
magnetic field was applied to the chamber, the tracks were helical and allowed for a momen-
tum measurement. The final analysis used a data sample consisting of 2.4x 10 pictures of the

chamber.

The bubble chamber pictures were scanned by physicists and the interesting one-, two- and
three-prong events were recorded. The overall efficiency of the scanning process was estimated

to be (98+2)% for events within the fiducial volume. In a deuterium filled bubble chamber

5The experiment originally ran with just one horn but a second was later added.
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the spectator proton, denoted p;, from the QEL scattering process Vd — u~ pps is sometimes
visible leading to a three-prong event. All two- and three-prong events underwent geometric
reconstruction and kinematic fitting to the QEL hypothesis® and the final background level in
the QEL sample was estimated to be (242)%. The final analysis paper [34] used a data sample
of 1737 events and, although this is not a large statistics sample, the extremely high QEL purity

o EL
allowed for a precision measurement of Mg .

The Q? distribution for the QEL sample events was fitted using a dipole description of the
axial-vector form factor and making the same assumptions about CVC, charge symmetry and
time-reversal invariance that were presented earlier when discussing the QEL scattering cross
section. Fermi motion and Pauli blocking effects were taken into account using a correction
factor that evolved with Q2, although these nuclear effects were not strong given the light

deuterium target nuclei.

The authors used a variety of different likelihood functions in the fits; rate-only, shape-only,
rate and shape and finally a flux independant likelihood function. The shape-only and flux

independant likelihood statistics are defined below in equations 71 and 72 respectively:

Naata =5 (Q Evi;MQEL)R(QiZ)q)(E\)i)
o%hape = Z W(sz)l [ dQ . QE? 2 2 (71)
£ IS sz( yEvis M7 )R(Q7)®(Evi)dQ*dE,
Na’ata T2 (Q EVI’MQEL)R(Q[Z)
Lri=y W(QH)n i0 oF (72)
£ J I i (QF Evi: Mz~ )R(Q7)dQ?

where W (Q?) is the weight due to scanning efficiency, R(Q?) is the correction factor accounting

for nuclear effects, ®(E,;) is the neutrino flux and da/dQ? is the differential cross section. The

6The kinematics of QEL events are constrained and so the measured information from the main muon track and
the incident neutrino can be used to predict the energy and momentum of the outgoing proton. The energy and
momentum of the second prong in a candidate QEL event were then be compared to this kinematic prediction for

the proton and any differences used to remove background events from the sample.
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Likelihood Type | Best Fit MZ*" (GeV)
Rate 0.7440.12
Shape 1.05+0.05
Rate and Shape 1.03+0.05
Flux Independant 1.00£0.05

Table 3: Maximum likelihood values for M/?EL, with a dipole axial-vector form factor, as presented in

[34].

results from [34] are summarized in table 3 although there are also results presented in two

preceeding publications from the Argonne 12-foot bubble chamber; [35] and [36].

Figure 14 shows the Q7 distribution of the QEL event sample from the Argonne 12-foot deu-
terium bubble chamber along with the prediction (based on equation 58) using their best fit

MEEL value from the flux independant likelihood analysis. It should be noted that the fit was

only performed for Q> > 0.05 GeV?2.
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Figure 14: Q? distributions from [34]. The histogram shows the data whilst the solid curve corresponds
to a dipole axial-vector form factor with MEEL:] .00 GeV. The dotted curve shows an alternate form for
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3.3 Results from the K2K Scintillating Fiber Detector

In 2006 a measurement of MfEL for the QEL scattering of muon neutrinos off of oxygen
using the K2K Scintillating Fiber (SciFi) detector was presented [37]. The KEK accelerator in
Tsukuba, Japan, was used to generate a neutrino beam that passed through a number of ‘Near’
detectors and the Super-Kamiokande water Cerenkov ‘Far’ detector. K2K was a long baseline
neutrino oscillation experiment but the proximity of the Near detectors to the production point
of the neutrino beam allowed for high statistics data samples with which to make neutrino

interaction cross section measurements.

The KEK accelerator complex produced a beam of 12 GeV protons that were impinged on
an aluminium target. Similar to many experiments that produce neutrino beams, the resulting
charged pions and kaons were focussed using two magnetic horns and then allowed to decay
to hadrons, leptons and neutrinos. The positively charged hadrons were focussed such that
the resulting decay particles travelled towards the Near detectors with a beam dump absorbing
all but the muon neutrinos. The neutrino energy spectrum ranged from 0.3 GeV to 5 GeV and

peaked at 1.2 GeV. The uncertainties on the shape of this spectrum were estimated to be +20%.

There were a number of different detectors placed 300m downstream of the aluminium target,
one of which was the SciFi detector. The SciFi detector consisted of 20 scintillating fiber track-
ing layers interspersed with water filled aluminium tanks and was read out using CCD cameras.
The fiducial mass fraction breakdown was ~70% H,O, ~22% Al and ~8% CH. Unlike the
deuterium filled bubble chamber experiment the SciFi detector did not ‘see’ the spectator nucle-
ons (those nucleons not directly participating in the interaction) in QEL interactions but rather
observed the outgoing proton and muon. In practice the analysis event selection introduced a
threshold momentum, of 600 MeV for protons and 200 MeV for pions, for the second track to
be observable in the detector. As such the K2K QEL scattering analysis used samples of one-

and two-track events.

The MEEL extraction used the Q7 distribution of three distinct samples; the one-track sample
and two sub-divisions of the two-track sample. For the two-track sample the reconstructed

kinematics of the muon and neutrino were used to predict the kinematics of the outgoing proton
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and then this prediction could be compared to the observed kinematics of the second track.
An event selection criterion was placed on how well each two-track event matched the QEL

hypothesis allowing for a QEL-enriched two-track sample and a non-QEL two-track sample.

The shapes of the Q2 distributions for each of these three samples were fit in separate regions
of neutrino energy so as to minimize the systematic error coming from the uncertainties on the
incident neutrino flux. The fits used a dipole approximation for the axial-vector form factor
(with the usual assumptions about CVC and the removal of Fs, Fr and Fp) with M/%EL as a
free parameter and also included a number of systematic parameters. The region below Q% =
0.2 GeV? was excluded in the fit because in this regime the mis-modelling of nuclear effects,
which are much more important for QEL scattering off of oxygen as compared to deuterium,

constitutes a large uncertainty on the measurement.

The best fit value for the axial-vector mass was 1.2740.12 GeV with the dipole approximation
for F4. The main result quoted in [37] used the updated BBA-2003 Form Factors which gave a
best fit MEE L 0f 1.2040.12 GeV and this result which was shown to be robust under reasonable
changes to the analysis selection criteria and fitted range in Q%. Although many more events
were used in this analysis, compared to the Argonne results, the quoted error is larger. This
is probably due to the extremely high purity of the QEL event sample collected in the bubble
chamber and it’s enhanced resolution for kinematic variables such as Q2. Figure 15 shows the
Q? distributions of the QEL event samples for the first part of the K2K data taking, ‘K2K-T’,
along with curves generated with a Monte Carlo simulation of the experiment that used the best

fit MEEL value.

The one-track and two-track QEL enhanced samples have the highest purity but figure 15
shows that there are relatively large contributions from backgrounds. The dominant back-
ground comes from resonant single pion production, such as v, p(— A*") — u~ pTt". In such
events a final state particle can either be below threshold for detection or be re-absorbed in the
nucleus and both these processes will lead to a two-prong event being observed in the detec-
tor. The kinematic matching to the QEL hypothesis can remove some events from the two-track

QEL enhanced sample although intranuclear re-scattering of the final state particles can change
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Figure 15: Q? distributions from [37]. The points with errors show the data for each of the three sub-
samples whilst the larger solid histograms show the prediction from a Monte Carlo simulation generated
using a dipole axial-vector form factor with MEEL=I .20 GeV and BBA-2003 vector form factors. The
smaller solid histograms show the true QEL events in each of the simulated sub-samples.

the observed kinematics. In fact these single pion events are kinematically very similar to QEL
scattering events and have their own axial-vector form factor and associated axial vector mass,
M}‘". This suggests a possible explanation for the difference in MEEL values reported by the
deutrium experiments and K2K, namely that the lower purity K2K samples are being fitted for

EL Cenming? P
Mg but are ‘seeing’ some of the value of MA” in this measurement.

3.4 Results from the MiniBooNE Experiment

One of the most recent measurements of MEEL came in June 2007 from the MiniBooNE collab-
oration [38]. The MiniBooNE experiment at FNAL uses a beam of muon neutrinos incident on
a detector filled with 800 tons of mineral oil, CH;,. The FNAL booster accelerator provides 8.89
GeV protons which are brought into collision with a beryllium target located inside a magnetic
horn. The magnetic field focusses the TT" and K such that when they decay the trajectory

of the muon neutrinos passes through the detector. The MiniBooNE beam provides a mean
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neutrino energy of 0.7 GeV with 99% of the neutrino energies below 2.5 GeV. The detector is
a spherical tank filled with CH, and instrumented with photomultiplier tubes (PMTs) to collect

the Cerenkov light produced by the particles produced in the neutrino-carbon interactions.

MiniBooNE identifies QEL events by measuring the primary muon from the scattering and
then the electron from the subsequent decay of this muon; u~ — e~ V,V,. This technique helps
to remove single Tt" resonant events where a second electron is detected from the decay chain
of the pion. The MiniBooNE event sample consisted of 193709 events and was estimated to

have an QEL efficiency of 35% and a QEL purity of 74%.

The MiniBooNE neutrino interaction simulation uses a Relativistic Fermi Gas (RFG) model
for the scattering of neutrinos from carbon nuclei. The MEEL extraction proceeds in a similar
way to the previous analyses in that the Q2 distribution of the QEL events is fitted using MEEL
as a free parameter and the Dipole Form Factors are used. This analysis is slightly different
though and includes a second free parameter, K, which is used to control the amount of Pauli
blocking at low values of Q%. MiniBooNE fits the shape of the Q distribution all the way down
to 0% = 0 GeV? and obtains best fit values of MEEL =1.2340.20 GeV and K = 1.0194+0.011.
Figure 16 is taken from [38] and shows the data and best fit MC Q? distributions along with a

10 confidence level contour as a function of MEEL and K.

The best fit MEEL accomdates the Q? behaviour of the QEL event sample at higher values
of Q% whereas the Pauli blocking suppression factor K allows the fit to include the low Q7
region (below 0.2 GeV?). In this measurement MEEL should be considered to be an effective
parameter because it is likely accounting for some mis-modelled feature in the RFG simulation
such as the momentum distribution of nucleons within the carbon nuclei. The following section
will comment further on the interpretation of MfEL measurements and comparisons between

the various experiments.

3.5 Summary of Current Knowledge and World-Average Values

Table 4 summarises many of the MEEL measurements that have been made previously along

with the target nuclei for each experiment. The weighted average for MEEL from neutrino
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Figure 16: Q7 distributions from [38]. The dashed histogram shows the output of a Monte Carlo
simulation of the experiment before the fit whilst the solid histogram shows the simulated prediction
with the best fit parameter values applied. The dotted and dot-dash histograms show the backgrounds
that are not CC QEL and not CC QEL-like respectively and the points show the data. The inset figure
shows the 10 confidence contour as a function of M/?EL and K with the star showing the best fit point, the
circle showing the starting values and the triangle showing the fit results after varying the background

shape in Q.

scattering experiments, as compiled in 2001 [46] (and hence not including the K2K and Mini-
BooNE measurements), and using the data selection criteria of the Particle Data Group (PDG)

[47], was 1.026 £0.021 GeV.

There are a number of factors that need to be taken into consideration when comparing mea-
surements of MfEL including the nuclear target, analysis methodology, flux and background
cross section uncertainties and the set of form factors used. Depending on these particulars,
MEEL measurements should often be considered as effective measurements where the extracted
value is also accounting for some other physics effects. The above sections introduced some of

these factors and their importance is summarised below:

o Target Nucleus: For heavier target nuclei the modelling of nuclear effects has large
uncertainties at low Q2. Most previous fits for MEEL have used a lower cut-off in Q and

a large number of these measurements were shown to be consistent under small changes
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Experiment ‘ Target ‘MEEL (GeV) Comments

ANL 1982[34] D 1.00£0.05 Dipole
FNAL 1983[39] D 1.05%012 Dipole
BNL 1990[40] D 10710042 Dipole

M= 1.28"0% GeV
CERN 1977[41] CF3Br | 0.94:0.17 Dipole
SKAT 1990[42] CF;Br | 1.05+0.14 Dipole
SKAT 1990[42] CF;Br 0.79+0.20 Dipole, anti-neutrino
BNL 1969[43] Fe 1.054+0.20 Dipole
BNL 1987[44] HC, Al 1.06+0.05 | Dipole, NC elastic scattering
BNL 1988[45] HC, Al | 1.09:£0.04 Dipole, anti-neutrino
K2K 2006[37] H,0, Al | 1.20£0.12 BBA-2003
K2K 2006[37] Hy0, Al | 1.2740.12 Dipole

MiniBooNE 2007[38] CH, 1.234+0.20 Dipole, K =1.019£0.011

Table 4: MfEL measurements from previous measurements grouped by target nucleus. The values
given all come from pure shape information (shape-only or flux independant) fits to the Q? distributions
although some references also quota results from shape and rate fits. The comments column includes
the type of weak vector form factors used for each measurement.

to the cut-off value. It is not yet completely clear whether MEEL should be a constant
for all nuclei or take different values depending on the nucleus in question. Furthermore
the form of the axial-vector form factor itself could potentially be slightly different for
different target nuclei. It should be noted that a significant benefit of using heavier target

nuclei is a much increased rate of neutrino interactions.

o Fit Methodology: Previous measurements have used one or more of several different
methods to extract MEEL from their QEL scattering data; rate-only, shape-only, rate and
shape, flux independant. The rate and shape method uses the most information although
can be susceptible to uncertainties in background levels and the incident neutrino flux.

Most previous measurements that use multiple methods find consistent values for MEEL

(within errors) but there are some exceptions.

¢ Flux Uncertainties: Many previous experiments did not have sufficient knowledge of

the incident neutrino flux to perform a fit that included rate information. The shape-
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only and flux independant methods minimise the effect of such uncertainties (as the Q>
distributions for QEL scattering events are not very dependant upon E\) although the

dependance increases at low values of Q2.

Background Cross Section Uncertainties: The deuterium bubble chamber experiments
achieved very high QEL purities and so mostly eliminated the effect of uncertainties on
the levels of background in their samples. However, for the other experiments the un-
certainties in the cross sections (and cross section shapes) for the background processes
contributed significantly to the errors on the best fit MEEL values. The dominant back-
ground for QEL scattering is resonant single pion production events which have a cor-
responding M}x“. Experiments with lower purity could have an artifically high or low

extracted MEEL value due to the presence of such events.

Vector Form Factors: Most previous measurements of MfEL have used the dipole ap-
proximation for the weak vector form factors of the nucleon. However more recent work,
such as presented in [32], has suggested alternate forms for these form factors. The ex-
traction of MfEL is sensitive to both the set of vector form factors used and also to the

constants, such as F4(Q? = 0), whose world average values have changed over time.

Standard Assumptions: Assumptions, such as those of CVC and PCAC, are often made
and imply that MEEL is the only free parameter in the differential cross section for QEL
scattering with respect to Q%. Another assumption that is often made is a dipole descrip-
tion of the axial-vector form factor. Some previous experiments have also tried fitting

alternate expressions for F4(Q?) and such choices can effect the extracted Mf;)EL value.
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4 The MINOS Experiment

MINOS [48] is a long baseline neutrino oscillation experiment that uses a neutrino beam pro-
duced by the NuMI [49] facility at FNAL. The neutrinos pass through a Near Detector (ND)
about 1km downstream of the production target and then through the Far Detector (FD) a fur-
ther 734km away in the Soudan Mine in northern Minnesota. The general layout of the MINOS
experiment is shown in figure 17. This chapter will discuss in detail the NuMI beamline, the

MINOS detectors and the physics goals for the experiment.

Soudan gy

Duluth ® t‘” .

Laks
Michigan

Madison
o

Figure 17: Overview of the MINOS experimental layout. Image courtesy of [50].

4.1 The NuMI Beamline

The first stage in the production of the NuMI neutrino beam is the acceleration of protons using
a linear accelerator (Linac), the Booster circular accelerator and finally the Main Injector (MI)
circular accelerator. The Linac takes the protons to a momentum of 400 MeV/c, the Booster
brings this up to 8 GeV/c and finally the MI forms the protons into batches and accelerates
them to a momentum of 120 GeV/c. For the majority of the first year of NuMI running the MI
contained seven batches, five of which were earmarked for the NuMI primary-proton line and

two of which were destined for the Tevatron accelerator.
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The whole acceleration process takes 1.6s after which the protons are extracted from the MI
using ‘kicker’ magnets and this beam is bent downward at an angle of 58 mrad, in order to
point towards the Soudan mine, and sent 350m to the NuMI target. The proton batches were
extracted in an 8.6us spill with a typical spill containing about 2.1x 103 protons and a typical
repetition rate for the machine of about 2.2s. The NuMI beam has been designed to provide
an average beam power of up to 400kW. Figure 18 shows an overhead view of the FNAL

accelerator complex.

Figure 18: Overhead view of the FNAL accelerator complex. Image courtesy of [50].

The NuMI target is a water-cooled graphite rod (shown in figure 19). The target dimensions
are 6.4x15x940 mm? and the target is segmented longitudinally into forty-seven fins. The
target is designed to be narrow so as to minimize the re-absorption of particles produced in the

primary proton collision whilst being long enough to maximise hadron production.
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Figure 19: Photograph of the NuMI graphite target. Photograph courtesy of [50].

The proton collisions with the carbon produce a spray of particles, mainly pions and kaons.
These secondary particles are focused (or de-focused depending on the experimental setup and
the particle charge) by a pair of parabolic focussing ‘horns’. The horns are pulsed with a
nominal current of 200kA to produce a toroidal magnetic field with a maximum strength of
30kG. The horns act as magnetic lenses that sign-select and momentum-select the secondary

hadrons. Figure 20 shows photographs of the NuMI horns.

Figure 20: Photographs of the NuMI parabolic focussing horn inner conductors (left) and bottom-view
(right). Photographs courtesy of [50].

After being focussed by the horns the charged hadrons enter a 675m long, 2m diameter evacu-
ated decay pipe in which many of them decay to neutrinos through processes such as Tt (K*) —
uv,. Hadrons that make it through this decay volume are stopped by a 5Sm hadron absorber
consisting of water-cooled aluminium core surrounded by steel blocks and then a layer of con-

crete.

Finally the remaining muons interact in the 300m of dolomite rock that lies between the hadron
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absorber and the ND cavern leaving a beam of neutrinos whose path takes them through the
MINOS detectors. Figure 21 shows the various components of the NuMI beamline. The neu-
trino beam comprises of 97.8% v,, with the major contaminations of 1.8% V,, coming from
ut decays and target-produced T decaying to x~V, and 0.4% vV, coming from u* decays
and target-produced K:3 decays (these numbers are based on a Monte Carlo simulation of the

neutrino beamline and the hadron production off of the NuMI target).
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Figure 21: The components of the NuMI beamline. Image courtesy of [51].

The NuMI beam has a lot of flexibilty and can be setup to change the neutrino energy spectrum
seen by the MINOS detectors. Different neutrino energy spectra can be produced by moving the
NuMI target with respect to the first focussing horn or changing the magnetic field produced by
the horn by varying the electric current. Both methods result in different momentum hadrons
being focussed which leads to different energies of the resulting neutrinos. Table 5 lists the
different beam configurations in which MINOS has taken data. In addition to changing the
neutrino energy spectra the NuMI horn current could be reversed in the future to produce a

beam comprised predominantly of V,,.

Figure 22 shows the weekly and total integrated protons-on-target (POT) delivered by the NuMI
beamline (in all beam configurations) from May 2005 through to March 2006. The dataset
used for the analysis presented in this thesis is taken from 20" May 2005 through to 25
February 2006 and corresponds to an exposure of ~1.27x10%° POT in the L010z185i beam

configuration.

66



Beam Target Horn Most Probable | Exposure
Configuration | Position (cm) | Current (kA) | E, £RMS | (10'® POT)
(GeV)

LE10/0kA 10 0 7.4+4.1 2.69
LE10/170kA 10 170 3.1+1.1 1.34
LE10/185kA 10 185 3.3£1.1 127.
LE10/200kA 10 200 3.5+1.1 1.26
LE100/200kA 100 200 5.6+1.5 1.11
LE250/200kA 250 200 8.6£2.7 1.55

Table 5: Beam configuration definitions and exposures, quantified by protons-on-target (POT), for the
corresponding datasets as recorded in the first year of running. The majority of NuMI running uses the
LE10/185KkA configuration as the resulting neutrino flux is maximised in the region of interest suggested
by the Super-Kamiokande best fit oscillation parameters. The LE10/OkA beam configuration has the
broadest neutrino energy distrubution as the target-produced charged hadrons are not focussed. The

mean and RMS neutrino energies are calculated using a Monte Carlo simulation of the NuMI beamline

and the charged-current cross section.

Figure 22: Weekly and integrated POT delivered by NuMI during it’s first year of operation. Figure

taken from [11].
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4.2 The MINOS Detectors

MINOS uses three detectors; the Near and Far detectors measure the NuMI neutrino interac-
tions whilst the smaller Calibration detector (CalDet) was exposed to a test beam at the CERN
Proton Synchrotron (PS). The results from CalDet characterise the response of the MINOS

detectors to electrons, muons, protons and pions.

The MINOS detectors are designed to be functionally identical in order to minimise the sys-
tematic uncertainties involved in the two-detector oscillation analysis but do have differences
stemming from the different environments in which they must operate. This section will de-
scribe the common features of the MINOS detectors before focussing on the particulars of the

Near, Far and Calibration detectors.

4.2.1 Common Features of the Detectors

The MINOS detectors are steel-scintillator tracking calorimeters. Both the Near and Far detec-
tors are magnetised with toroidal fields, with a field strength of up to 1.5 T, to allow momentum

and charge-sign measurements of the muons produced in VN interactions.

Each detector consists of a number of steel-scintillator ‘planes’. Each plane consists of a
2.54cm thick plate of steel attached to a 1.0cm thick layer of scintillator. The detectors consist
of large numbers of planes which are hung perpendicular to the incident neutrinos with a 2.4cm
air gap between each plane. The higher density steel provides the main medium in which the

neutrinos will interact whilst the scintillator constitutes the active element of the detectors.

The scintillator layers consist of 1.0cmx4.1cm cross-section strips of polystyrene that can
measure up to 8m in length and are doped with the fluors PPO (1%) and POPOP (0.03%). The
strips are arranged side-by-side and then encased in aluminium to form light-tight scintillator
modules which can be mounted on the steel sheets. Strips in adjacent planes are oriented or-
thogonal to one another to allow for a three-dimen