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Abstract

The Main Injector Neutrino Oscillation Search (MINOS) observes the disappearance of
muon neutrinos as they propagate in the long baseline Neutrinos at the Main Injector (NuMI)
beam. MINOS consists of two detectors. The near detector samples the initial composition of
the beam. The far detector, 735 km away, looks for an energy-dependent deficit in the neutrino
spectrum. This energy-dependent deficit is interpreted as quantum mechanical oscillations be-
tween neutrino flavors. A measurement is made of the effective two-neutrino mixing parameters
Am? ~ Am?; and sin®20 ~ sin®2023. The primary MINOS analysis uses charged current events
in the fiducial volume of the far detector. This analysis uses the roughly equal-sized sample
of events that fails the fiducial cut, consisting of interactions outside the fiducial region of the
detector and in the surrounding rock. These events provide an independent and complementary
measurement, albeit weaker due to incomplete reconstruction of the events. This analysis reports
on an exposure of 7.25x 10%° protons-on-target. Due to poor energy resolution, the measurement
of sin?26 is much weaker than established results, but the measurement of sin?26 > 0.56 at 90%
confidence is consistent with the accepted value. The measurement of Am? is much stronger.

Assuming sin®20 = 1, Am? = (2.20 + 0.18[stat] £ 0.14[syst]) x 1072 eVZ.
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Chapter 1

Introduction

The MINOS experiment consists of a beam of muon neutrinos that passes through two
detectors separated by 734 km. The near detector observes the initial beam spectrum. The
far detector observes the spectrum after some neutrinos have oscillated into other flavors.
Since these other flavors are not readily detectable in MINOS, the far detector observes a
deficit compared to what would be expected without oscillations. The oscillation parameters
Am? and sin?26 can be extracted from the magnitude and energy dependence of this deficit.
By using two similar detectors, a variety of systematic errors relating to the knowledge of the
beam composition, neutrino interaction cross sections, and detector efficiencies cancel out in
the near-to-far ratio. Chapter 2 covers the theory of neutrino oscillations, while chapters 3
and 4 describe the beam and detectors.

Muon neutrino charged current events generally result in a muon and a hadronic shower.
In the fiducial volume — that is, away from the edges of the detector — each of these is
well reconstructed and the neutrino energy found by summing their energies. This analysis
measures the oscillation parameters by using the set of beam v, and 7, charged current
events in the MINOS far detector in which the reconstructed muon track begins outside
the fiducial volume, that is, near the edge of the detector. These include both muons from
neutrino interactions in the surrounding rock and from interactions around the exterior of the
detector; they are collectively referred to as anti-fiducial events. The primary characteristic

of events in this analysis is that, in general, only part of the neutrino energy is reconstructed.



For neutrino interactions on the edge of the detector, the muon is well measured, but
hadronic showers are lost or only partially contained. For interactions in the rock, usually
only the muon is seen and only its remaining energy is reconstructed; the distance it has
traveled before arriving at the detector is unknown. Chapter 5 details the characteristics
of these events. In order to predict the characteristics of events originating outside the
detector, Monte Carlo models are crucial. Chapters 6 gives an overview of the MINOS
Monte Carlo and chapter 7 specifically goes into detail about the rock model.

Only muon tracks are used in this analysis. Rock events’ showers are typically entirely
lost in the rock. Events in the exterior of the detector often have showers, but the contain-
ment is not modeled well enough in the Monte Carlo to warrant their use. The analysis
gets much of its power from categorization of events based on location in the detector. For
instance, since the beam is directed north, tracks starting on the front (south) face are
nearly always rock interactions, whereas tracks starting in the back (north) of the detector
are nearly all detector interactions. The fit is improved because the events in which the
reconstructed muon energy more closely correlates to neutrino energy are isolated. The
angle of tracks is also used in the fit, as it correlates with neutrino energy at a fixed track
energy. A maximum likelihood fit is performed to determine the oscillation parameters and
confidence contours. Chapter 8 explains the event selection algorithms, chapter 9 explains
the procedure for extrapolating the spectrum of events at the near detector to a prediction
at the far detector, and chapter 10 gives the fitting and binning methods.

The strength of this analysis is in measuring Am?2. Despite only partial reconstruction
of events, it is possible to have significant sensitivity to Am? since, at a given value of the
mixing angle, it is primarily the count of events that determines Am?2. Contrariwise, to
measure sin?26 at high precision it is necessary to have good energy resolution. Since nearly
every event in this analysis has an unknown amount of lost energy, the sensitivity to this
parameter is quite weak. Nevertheless, it can be used as a consistency check with other
measurements. The anti-fiducial sample is statistically independent of all other MINOS
samples and can be combined with the fiducial analysis for an overall improved result. A
similar number of events are selected in the fiducial and anti-fiducial samples. This analysis

measures Am? with somewhat less than half the sensitivity as the fiducial analysis for the



same exposure: £0.18 x 1073 eV? compared to £0.08 x 1072 eV?2. Summed, the two analyses
have a 8% better sensitivity in this parameter than the fiducial analysis alone, with only
statistical errors considered. Due to correlated systematics, the overall improvement is a
lesser 4%. The improvement on sin?26 is negligible. Chapter 11 shows these results.

This analysis relies heavily on Monte Carlo and cannot use the near detector as much
as the fiducial analysis does for cancellation of systematic effects. There are two major
concerns: (1) the composition of the rock and its nuclear cross sections and (2) the geometry
of the outer edges of the detector. These systematics and others shared with the fiducial

analysis are explored in chapter 12. Chapter 13 concludes.



Chapter 2

Neutrino Oscillations

2.1 History

Neutrinos were first postulated by Pauli in 1930 to explain how the electrons created by
beta decay could have a wide spread of energies and still conserve energy even though no
other particle was observed to be emitted [1]. We now call the type of neutrino that he
considered an electron antineutrino. These were first directly observed in 1956 by Reines
and Cowan [2].

In 1962, Lederman, Schwartz and Steinburger discovered the muon neutrino by showing
that the neutrinos in the process @ — p v behave distinctly from those created in nuclear
beta decay [3]. With the discovery of the tau in 1975, it was natural to expect that there
was an accompanying tau neutrino. Its existence was confirmed by direct observation in
2000 by the Direct Observation of Nu-Tau (DONuT) experiment at Fermilab [4].

Neutrino oscillations were first proposed in 1957 by Pontecorvo [5]. Since at that time
only electron neutrinos were known, he considered the oscillation v <> . In 1962, Maki,
Nakagawa and Sakata (MNS), with knowledge of the muon neutrino, proposed mixing
between v. and v, [6]. After the discovery of the tau, MNS’s scheme was extended to
the case of three neutrino mixing [7]. For these contributions, the neutrino mixing matrix

is usually known as the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix.



The first experimental hint of the reality of neutrino oscillations occurred in an ex-
periment by Davis in 1967 which searched for the reaction 37Cl v, — 37Ar e~ initiated by
solar neutrinos. The reaction was not initially observed, with an upper limit on the rate
set at 0.3 x 10735 /s/atom, in conflict with the prediction of (2.0 £ 1.2) x 1073%/s/atom |[8].
Subsequent solar neutrino measurements observed finite rates, but generally with significant
deficits compared to the solar model predictions [9]. For many years it was not clear whether
the source of the discrepancy lay in the solar model, in the neutrinos, or in the experiments.

A similar deficit of neutrinos was observed in atmospheric showers initiated by cosmic
rays. Pions in these showers decay via @ — p v, — (evev,) v,; this is predicted to be
the predominant source of atmospheric neutrinos. The prediction is therefore that there
are 2 muon neutrinos per electron neutrino in these showers. Experiments beginning in the
1960s sought to measure atmospheric neutrinos. Once sufficient statistics were gathered,
it began to be apparent that there was a tendency for both the v, : v, ratio and the
absolute v, flux to fall short of predictions. Perhaps the first strong hint pointing towards
the oscillation hypothesis came in the early 1980s at the Irvine-Michigan-Brookhaven (IMB)
experiment, which reported a 2.5¢0 deficit in the number of decaying (low energy) muons in
their detector [10]. A much more significant deficit in both the ratio and the absolute v, flux
was reported in 1988 by the Kamiokande collaboration [11]. In 1998, Super-Kamiokande
announced definitive evidence for the effect and for the first time fit their results under the
hypothesis of v, <+ v, neutrino oscillations [12, 13, 14, 15]. The Soudan 2 experiment,
formerly located in the cavern adjacent to MINOS, confirmed this measurement [16]. The
KEK* to Kamioka (K2K) experiment again observed the same effect, this time using a
well-controlled source of neutrinos, an accelerator-produced beam of v, [17].

The solar neutrino situation was resolved in 2001 by the Sudbury Neutrino Observatory
(SNO) experiment which, in agreement with the oscillation hypothesis, showed that there
is a component of non-v, neutrinos in the solar flux and that the total flux agrees with the

standard solar model prediction [18, 19].

* Ko Enerugt K asokuki Kenkytu Kiko (High Energy Accelerator Research Organization)
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Figure 2.1: Masses of particles in the standard model. Approximate allowed
region for neutrino masses is shown in wavy lines. It is bounded from above
by cosmological bounds on the sum of neutrino masses and from below by the
magnitude of Am2;. Without a complete picture of the PMNS matrix and without
a determination of the mass hierarchy (see section 2.4), it is difficult to assign
specific bounds on individual flavors [22].

2.2 Theoretical Interest

To date, neutrino oscillations provide the only direct method capable of resolving a non-
zero neutrino mass. As three of the twelve fundamental fermions in the standard model, we
must know these masses to have a full understanding of the Universe. We know that the
neutrino masses are much smaller than those of all other massive particles (see figure 2.1).
In fact, the ratio between the heaviest allowed neutrino mass and that of the next lightest
particle, the electron, is larger than that between the electron’s mass and the mass of the
heaviest known particle, the top quark. If their masses were all zero, we could easily accept
this as being simply the way things are, but to be non-zero yet discrepantly small calls
for some explanation. One attempt, the see-saw mechanism, uses the small masses of the
observed neutrinos to predict a spectrum of very heavy neutrinos [20]; these neutrinos could
be a component of the as-yet-unobserved dark matter known to exist in the Universe (see,
e.g. [21]).

Neutrino oscillations may also have a hand in explaining the matter-antimatter asymme-
try in the Universe. The usual assumption is that the Universe started out matter-antimatter
symmetric and then evolved into its current asymmetric state. The most straightforward

method for producing this evolution is to satisfy the three Sakharov conditions [23]:



1. There must be interactions that violate baryon and lepton number
2. These interactions must violate C and CP symmetry
3. They must have occurred out of thermal equilibrium in the early Universe

No observations have been made of baryon or lepton number violation, but it is axiomatic
under the assumption of initial symmetry.! The conditions of C and CP violation allow
processes that create baryons and leptons to proceed faster than their inverse processes.
The third condition ensures that this speed difference has an impact; without it, the inverse
processes would still bring the Universe into equilibrium with net baryon and lepton numbers
of zero. The second condition is of interest here. CP violation has been observed in quarks,
but it is too small to explain the observed asymmetry. There exists the possibility for
large CP violation in leptons. The measurement presented in this thesis does not directly
probe CP violation, but helps to lay the groundwork for future experiments that can; see

section 2.6.3 below on v, appearance.

2.3 General Neutrino Oscillation Theory

Neutrino oscillations arise because the flavor eigenstates of neutrinos are not the same as
the mass eigenstates. The flavor eigenstates determine how neutrinos interact, but the mass

eigenstates determine how they propagate. The two sets of eigenstates are related by:
Vo) =D Usilvi), (2.1)
i

where Greek letters are used to denote flavor states (o = e, u, 7), Latin letters are used to
denote mass states (i = 1,2,3), and U is the unitary PMNS mixing matrix. This formula
is general; it does not depend on the number of neutrino flavors nor the weak interaction
properties of the participating neutrinos.

When a neutrino is created, it is a flavor eigenstate and thus it is, in general, a superpo-

sition of N mass eigenstates, where N is the number of neutrinos that participate in mixing.

TUnless one can find a mechanism by which the antimatter of the Universe has been segregated to such
an extent that it is unobservable today.



The propagation of the mass eigenstates follows the relation
lvi(t)) = e I EIPIL) |, (0)) (withe = B = 1), (2.2)
where L is the distance traveled. The propagation of the initial state |v,) is described by

Ve (t) ZU* —HEEIPIL) |30 ZZU;iUﬂie*KEt*\ﬁ\L)pﬁy (2.3)

Conceptually, the heavier mass states lag behind the lighter ones. Each flavor component of
each mass state interferes with the corresponding flavor component of the other mass states.
This interference changes the probability of measuring each flavor state. The probability of

measuring the state |vg) after a time ¢ is

2

{va|va(t) ZU;iUBiefi(Etf‘ﬁ‘L) . (2.4)

Since in any realistic experiment, the neutrinos are ultrarelativistic (in the NuMI beam,

v &~ 109-10'2), we can use the approximations

/|ﬁ|2+m2N

to let exp(—i[Et— |p|L]) =~ exp(—imL/2E). Then by using the unitarity condition and quite

NJ

2

~ 1A+ 5t L (2.5)

2Iﬁl

a bit of algebra we get [22]

% . Am?jL
Pa_>,g:|<1/6|l/a( _6(16_42% Uﬁz aj Uﬁj)sm2 1E
i>7
2
+23 " S(ULU U, U, sin“ms, (2.6)
i>j

where Am7; = m7 — m3. Restoring ¢ and h to the phases gives Am>Lc®/4Eh. Tt is

K2

conventional to rearrange this to get

Am2Lc3 B (106 eVm) Am?2 L GeV Am?2 L GeV

— ~ 1.267 —= . 2.7
4Fh 4he eVZ2 km F eV2 km FE (2.7)



In this form, it is convenient to plug in the mass squared difference, baseline length and

neutrino energy for modern neutrino experiments.

2.4 Three Neutrino Case

There has been much theoretical and experimental interest in the possibility that the three
known flavors of neutrinos mix with one or more sterile neutrinos that do not participate
in weak interactions. Both the LSND [24] and MiniBooNE [25] experiments have presented
evidence of , — U, oscillations at small L/F indicating a value of Am? incompatible with
the assumption that there are only three neutrino flavors. Nevertheless, the existence of
additional flavors is not yet well-established, so I will assume from here on that only three
neutrinos are relevant for oscillations. It is likely that even if there are, in fact, additional
flavors, the following formalism is a useful approximation. The mixing matrix U can be

parametrized by three angles and one CP-violating phase, §:

—is
€12€13 $12€13 s13e7"
is is
—512C23 — C12523513€" C12C23 — 512823513€"°  523C13 ) (2.8)

is is
8125923 — €12€23513€""  —C12823 — 512€23513€"  C23C13

where s;; = sinf;; and ¢;; = cos 6;;. Two Majorana phases have been omitted since they do
not contribute to oscillations. It is known experimentally that 6,5 and 633 are large, with
sin?26053 > 0.965 at 90% confidence and sin?26;5 = 0.86175-027 [19, 26]. On the other hand,
013 is small, with sin?26;3 < 0.19 at 90% confidence [27]. Nothing is known about the value
of §. Current theory does not give any compelling suggestions as to whether or not 33 is
exactly m/4, 013 exactly zero, or what the value of § is likely to be.

The mass squared difference | Am3;| ~ |Am?3;]| is known to be much larger than |Am?,|
with the former being 2.43 +0.13 x 1073 eV? and the latter 7.597039 x 107%eV? [19, 28].
It is not known whether the nearly degenerate pair (v1, v2) is more or less massive than
the lone v3.% If v3 is the heaviest, the mass hierarchy is termed normal, since in that case

the electron neutrino has the smallest mass and the tau neutrino the largest. In the other

By definition v is lighter than vs.



case, the mass hierarchy is termed inverted. There is no consensus on which spectrum to
expect. There is a potential for this ambiguity to be resolved in the next generation of
long-baseline experiments by observation of the difference in oscillations in neutrinos and
anti-neutrinos [29, 30| or via the combination of precision measurements from both long-

baseline and reactor experiments [31].

2.5 Two Neutrino Case

If only two neutrinos participate in mixing, the situation simplifies considerably. This is
often a good approximation of experimental situations due to the smallness of 6,3 and the

fact that |Am3s| > |Am3,|. The two-neutrino mixing matrix has only one free parameter:

cosf sinf
U= . (2.9)
—sinf cos6

And the probabilities become

Am2L

Paspars = sin?20sin® ZL—E, (2.10)
Am2L

Pacse = 1 — sin?20sin? ZL—E. (2.11)

2.6 MINOS Measurements

The two mass splittings Am?; ~ Am3; and Am?, set the frequencies of superimposed
oscillations. The latter controls oscillations much slower than the former, and so as a good
approximation the slow oscillations can be ignored for a short enough baseline; MINOS falls
in this category. In this case, the oscillation probabilities adopt an effective form identical to
equation 2.10, but in which vg may be a linear combination of v, and v,. MINOS primarily
observes v, disappearance; the details of how this measurement is interpreted are discussed

below. Searches for v, and v, appearance are also possible; a brief discussion of these follows.
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2.6.1 v, Disappearance

For v, disappearance, the above approximation allows MINOS data to be fit to a model
with only two free mixing parameters: sin®20ecgoctive = sin°26, defined as the depth of the
oscillation dip, and Am2g. ;.o = Am?, defined by the L/FE at the bottom of the oscillation
dip, as per equation 2.10. In this form, the sign of Am? has no effect, and so without loss
of generality, I will drop the absolute value signs.

To report physical results, we must translate these effective two-neutrino parameters
into the physical three-neutrino parameters. The MINOS error on Am? is comparable to

the value of Am?,, so it is interesting to ask whether Am? is closer to |Amis| or |Am3|.

The exact form for muon neutrino disappearance for any number of neutrinos is

Am? L
Pussp =1 =4 |Upil* |U,51* sin® 4EJ : (2.12)
1>7

For the 3-neutrino case, as shown in [31], if terms of order (Am?,/Am?,;)? are dropped,

the Am? measured by MINOS is

Am? = r|Amis| + (1 — )| Am3s], (2.13)
where
|UH1|2
r=—-—— 2.14
Tl + [Tl @14

In other words, Am? is a weighted average of the two physical splittings where the weights
are the probability of finding a v, to be in the corresponding mass state. If 613 = 0, r =
sin? 6,5. In this case, given sin?26,5 = 0.861, r = 0.31. For sin®2653 = 1 and sin?26,3 = 0.1,
r ranges between 0.18-0.47 depending on the value of ¢.

Likewise, the effective sin?26 measured by MINOS is as a good second order approxima-

tion, in the limit of [Am3,| = [Ami,| [26]:

sin?20 = 4sin? a3 cos? O13(1 — sin? fa3 cos? f13). (2.15)

11
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Figure 2.2: Loci of possible values of the physical parameters sin? 623 and sin® 613
for several values of the measured effective parameter sin?20. The CHOOZ limit
for sin? 013 is shown. The region to the right is excluded at 90% confidence.

Therefore, sin®26 should be interpreted as a measurement of sin? a3 cos? 013, where

14+ V1 —sin%26

sin? fag cos® O3 = 5

(2.16)

(It is tempting to call the right side of this equality “sin® #”, but this is not a physical
quantity and could only be defined as sin? (1/2 arcsin \/M), which obscures the two-fold
ambiguity manifestly displayed above.)

To put it another way, if one had a measurement of sin® f;3, say from a reactor experi-

ment, as well as MINOS’s measurement, sin” 3 is determined by (see figure 2.2)

14+ V1 —sin%26

.2
sin® fy3 = .
23 2(1 — sin2 913)

(2.17)
In the absence of knowledge of 613, even a perfect measurement of sin?26 gives quite limited
information about a3. For instance, for sin?26 = 1, sin? 653 can lie anywhere from 0.5 to 1.
Fortunately, we know from CHOOZ that sin?6;3 < 0.04 (90% confidence) [27]. At such
small values equation 2.17 becomes approximately linear in sin® 6;5:

14+ /1 —sin%26

12
S 923 =
2

(1 + sin? 6;3). (2.18)
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From this form it is clear that for a fixed sin?26 near 1, a 1% change in sin® 6,3 gives a

~0.5% change in sin? f3.

2.6.2 v, Appearance

In the limit of 13 = 0 and ‘Amgg‘ > ‘Am%z

, Uy transition purely into v,. These v; have
a charged current interaction threshold of ~3.5 GeV and so in MINOS such interactions are
rare, but not totally negligible. In some fraction of these interactions, a muon is produced
either by tau decay or as part of a hadronic shower. This muon is generally much lower
energy than the incident neutrino and so these events form a small low-energy background
to v, disappearance.

If v appearance could be confirmed by MINOS, this would be a significant accomplish-
ment. It would both confirm the interpretation of v,, disappearance and could set stronger
limits on sterile neutrino scenarios. Identification of v, charged current events in MINOS,
however, is extremely difficult. The detector is orders of magnitude too coarse to see the
tau itself. Tau neutrino events in which the tau decays via 7 — pv, v, or 7 — e ve vy
are essentially indistinguishable from v,, and v, charged current events. One must therefore
look for decays into hadrons, which strongly resemble neutral current events. The estimated
total number of v, charged current interactions in the far detector fiducial volume over all
running is roughly 15-20, whereas the number of neutral current events is about 30 times
larger. This makes a search extremely difficult, and no results have been announced to date.
The OPERAS experiment, which has been built specifically to observe v, appearance, has
recently announced its first candidate v, event [32]. Over the experimental run ~10 such
events are expected, with a background of less than 1. Given this, it seems unlikely that

MINOS will be able to significantly add to world knowledge of this process.

2.6.3 v, Appearance

If 6,3 is not zero, a small fraction of the v, appearance is replaced by v.. Unlike v, events,
these have effectively no interaction threshold, but they are also less likely to produce a

muon and be selected in this analysis. Overall, the effect of non-zero 6,3 is to reduce the

8 Oscillation Project with Emulsion-tRacking Apparatus
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background for v, disappearance, but it is a small effect on a small background and is
neglected. A tiny fraction of v, appearance is also expected from oscillations driven by 615.
This effect is much smaller than the upper limit of v, appearance due to 613 and so is also
neglected.

Observation of v, appearance in MINOS is possible for sufficiently large values of 6;3.
This measurement is of great importance since it can allow access to the CP violating
parameter §. From the form of the PMNS matrix (equation 2.8) it is clear that if f13 vanishes,
the value of § becomes inaccessible. While the search for v, appearance in MINOS is, like
that for v, appearance, complicated by background from neutral current events, the higher
potential event rate and characteristic features of electromagnetic showers initiated by the
primary electron in v, charged current interactions make it feasible. MINOS has announced

new limits on sin?20;3 that are slightly more restrictive than the CHOOZ result [33].
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Chapter 3

The NuMI Beam

The Neutrinos at the Main Injector (NuMI) beamline [34] was built for the MINOS exper-
iment. It produces a high intensity, well understood flux of muon neutrinos. Since 2009
it has also served the Main Injector Experiment for v-A (MINERvA) [35], which measures
neutrino cross sections, and has been used briefly by several other groups. In the future it

will be upgraded for use by the NuMI Off-axis v, Appearance (NOvA) experiment [29].

3.1 Overview

The NuMI beam is produced at Fermilab using 120 GeV protons from the Main Injector.
Every 2.2 seconds a 10 us pulse of ~3x10'? protons is directed at a segmented graphite
target of total length 95.38 cm. This pulse is called a beam spill or simply a spill. Referring
to these spills, NuMI beam exposure at both detectors is always quoted in protons on target
(POT). The number of POT /spill varies depending on conditions at Fermilab. In particular,
NuMI receives ~20% more protons per spill if the Tevatron is not running. Due to these
variations, the spill may or may not have a constant intensity over its 10 us duration, or
may be slightly shorter or longer.

Interactions of the protons with carbon creates secondary particles, mostly pions and
kaons. Pions of the desired charge sign and momentum are collimated by two magnetic

“horns” and decay into muons and neutrinos as they traverse a 675 meter long, 2 meter
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Figure 3.1: The NuMI beamline, not to scale.

diameter pipe. The pipe is pointed downwards toward Soudan, Minnesota. Muons resulting
from pion and kaon decay, undecayed secondaries, and the significant fraction of protons
that do not interact in the target are monitored at the end of the decay tunnel by ionization
chambers known as the hadron monitor. Three muon monitors behind successively longer
lengths of absorbing material monitor the muon flux. See figure 3.1.

Because the oscillation parameters were poorly known during design of the beamline,
NuMI was designed with the capability of providing several beam energies by varying the
position of the target and/or the downstream horn. Since Am? turned out to be at the very
bottom of the expected range, MINOS nearly always uses the low energy (LE) configuration
in which the second horn is 10 m downstream of the first, the target is 10 cm upstream of
its reference point on the first horn, and the horn current is 185kA. A small amount of
production data was also taken with the downstream horn in the same position, but with
the target at 250 cm, and with 200kA horn current. This is known as the pseudo-high
energy (pHE) configuration. (The “real” high energy configuration involves moving the
downstream horn, but this is much more difficult. Due to the low value of Am?, it has
never been considered worthwhile.) The flux from these two configurations is shown in
figure 3.2. Various other configurations have been used for short testing periods; these are
not used directly in analysis.

In any configuration, there is some population of secondaries that leave the target
traveling along the axis of the horns with small transverse momentum. These particles
are unaffected by the magnetic field and so enter the decay volume regardless of charge

sign or energy. These generally produce neutrinos quite a bit higher in energy than the LE
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Figure 3.2: NuMI beam flux at the near detector in terms of number of events
expected in the near detector. The LE and pHE configurations are shown. For
each, the nominal Monte Carlo is shown in grey while the Monte carlo tuned by
observation is shown in black. Note how above ~17 GeV the two spectra become
the same. Here the neutrino parents are unfocused, low pr, secondaries. Adapted
from reference [28].

beam focusing peak, so the high-energy tail due to this effect is quite significant. In the
LE configuration, 87% of v, originate from 7" decay, 13% from K* two-body decay, and
<0.1% from all other contributors, including K=, K% u, and three-body K* decay [36].
Interactions at the far detector, in the absence of oscillations, are expected to be 91.9% v,,,
7.0% v, 0.9% ve, and 0.1% e. Since it originates from unfocused secondaries, the peak of

the 7, spectrum is much higher energy than the v,, at about 9 GeV.

3.2 Near and Far Flux

The far detector sees the beam as originating from a point source and sees only neutrinos
with extremely small angles to the beam axis, but the near detector sees a line source and
samples a larger range of angles. This leads to somewhat different observed spectra in the
two detectors.

The effect comes in two parts. First, pions — particularly those decaying near the end of

the decay volume — see the near detector subtending a large angle. Larger angle decays of
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Figure 3.3: Pion decay kinematics causing difference in the near and far spectra.
The shown pion can decay sending a neutrino at a variety of angles. Only very
small angles can reach the far detector, but a significant spread of angles can reach
the near detector.
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Figure 3.4: Differences in neutrino spectrum between (a) the near detector and
(b) the far detector as a result of pion kinematics and angular acceptance. The
shaded bands show, for three energy ranges at the near detector, what energy
neutrinos result from the same decays at the far detector. Adapted from refer-
ence [36].

these pions producing slightly lower energy neutrinos can therefore reach the near detector,
but not the far detector (see figure 3.3). The MINOS detectors cannot resolve the angle of
the incident neutrino at this level and neither can it be judged by the transverse position,
since the pion itself can have a variety of initial transverse positions in the decay volume.
Because the location of the pion decay is a function of pion energy, the difference in angular
acceptance between the two detectors is also a function of energy.

Second, higher energy pions with sufficiently small transverse momentum result in decays
in which the neutrino nearly always intersects the near detector. As the pion energy increases
above this point, the fraction of decays resulting in a neutrino that intersects the far detector

increases without any increase at the near detector.
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The overall effect is that the spectrum at the near detector has a somewhat stronger
focusing peak and the spectrum at the far detector has somewhat more high energy tail (see

figure 3.4). The method of handling these differences is given in chapter 9.

3.3 Beam Angle

Due to the curvature of the Earth, the NuMI beam is angled downwards at Fermilab and
upwards at Soudan. The Earth is not spherical and it is rotating, so the angle between
the beam and local down — i.e. the direction that objects fall — is not the same at the
two sites. This is the relevant angle since the detectors are installed on floors that are level
with respect to local down. Taking the beam to be the line that connects the NuMI target
with the center of the far detector, the beam is pointed downwards 3.34022° at Fermilab
and upwards 3.27646° at Soudan. The locations of the target and the far detector were
determined primarily using by the Global Positioning System. In the case of the far detector,
an inertial survey was used to find the position of the detector with respect to the top of the
mine shaft. The inertial survey is the least accurate component of the measurement, with
an error of 0.7m on each coordinate, or 5 x 1075 degrees. The error, being much smaller
than the size of the detector, is negligible.

Precision knowledge of the angle at the far detector is irrelevant for reconstruction,
since the angular resolution of the detector is on order of 1 degree. Nor does it affect any
fiducial analysis, since it does not significantly change the character of events originating in
the detector. However, it does have a significant effect on Monte Carlo generation of rock
events, since the probability that a muon produced in the rock above the far detector can
be scattered downwards and detected decreases as the beam angle increases.

In previous analyses, the Monte Carlo used a far detector beam angle that was 0.07°
larger than the correct figure, while in other parts of MINOS analysis code, a variety of
other angles in the neighborhood of 3-3.3° were in use. I noticed this and worked to track
down an authoritative source giving the above precise values. These angles are now used for
Monte Carlo generation. This correction is not large, but even such a small change in angle

has a measurable effect. Rock events entering the top of the detector are about one third as
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Figure 3.5: Effect of angle on the ratio between rock events entering the top of the
far detector and all events entering either the top or the bottom. The Monte Carlo
was run with four angles. In order, these were zero, the correct angle, a realistic
intermediate angle, and the old angle used in the Monte Carlo. On the left all
four are shown; the fit is done on this plot. On the right, the plot is zoomed in on
the realistic angles and the same fit is shown. The top (bottom) of the detector is
defined as the top (bottom) horizontal edge and two upper (lower) diagonal edges.

common as those entering the bottom. The corrected figure increases the top:bottom ratio
by 1.7% (see figure 3.5). Since the angle changes the effective surface area of the detector,

it also modifies the overall flux of reconstructable rock muons, but this is a smaller effect.

3.4 History of Run Conditions

The first beam data used in this analysis was taken on 20 May 2005. The following period,
called Run I, was taken in the LE configuration and continued until 26 February 2006.
During this period the decay pipe was evacuated to 0.5 Torr to minimize scattering of
secondaries.

After a shutdown period, the beam was run in the pHE configuration from 11 June 2006
to 13 August 2006. This period is called Run IpHE or simply “the pHE running”.

In order to return the beam to LE mode, it was necessary to replace the target since the
motion system of the first target had failed. With the new target in place, Run II data was
taken in LE mode from 12 September 2006 to 17 July 2007. The second target was later
found to have been misaligned by ~1cm longitudinally such that it was at 9cm relative
to the first horn rather than the nominal 10 cm [37]. The effect of this was to reduce the

focusing peak by ~5% (see figure 3.6).
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Figure 3.6: Effect of varying conditions between Ru