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Elucidating the nature of neutrino oscillation continues to be a goal in the vanguard of the ef-
forts of physics experiment. As neutrino oscillation searches seek an increasingly elusive sig-
nal, a thorough understanding of the possible backgrounds becomes ever more important.
Measurements of neutrino-nucleus interaction cross sections are key to this understand-
ing. Searches for v, — v, oscillation —a channel that may yield insight into the vanishingly
small mixing parameter 0,,, CP violation, and the neutrino mass hierarchy — are particularly
susceptible to contamination from neutral current single n° (NC 11°) production. Unfortu-
nately, the available data concerning NC 11° production are limited in scope and statistics.
Without satisfactory constraints, theoretical models of NC 1m° production yield substan-
tially differing predictions in the critical E, ~ 1 GeV regime. Additional investigation of
this interaction can ameliorate the current deficiencies.

The Mini Booster Neutrino Experiment (MiniBooNE) is a short-baseline neutrino os-
cillation search operating at the Fermi National Accelerator Laboratory (Fermilab). While
the oscillation search is the principal charge of the MiniBooNE collaboration, the extensive
data (~ 10° neutrino events) offer a rich resource with which to conduct neutrino cross
section measurements. This work concerns the measurement of both neutrino and antineu-
trino NC 1m1° production cross sections at MiniBooNE. The size of the event samples used
in the analysis exceeds that of all other similar experiments combined by an order of mag-
nitude. We present the first measurements of the absolute NC 11° cross section as well as
the first differential cross sections in both neutrino and antineutrino mode. Specifically,
we measure single differential cross sections with respect to pion momentum and pion an-
gle. We find the flux-averaged, total cross sections for NC 1m°® production on CH, to be

(4.76 £ 0.054,, £ 0.764,) X 10 % cm?/nucleon at (E,) = 808 MeV for neutrino induced

)
sys
production and (1.48 & 0.05., & 0.23,,) X 107* cm*/nucleon at (E,) = 664 MeV for

antineutrino induced production.
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Plan of the Dissertation

his dissertation is divided into three parts. PartI offers an introductory discussion con-
T cerning the dissertation material. Chapter 1 serves to initiate the reader to neutrino
physics at large with a particular focus on the phenomenon of neutrino oscillation. Neutral
current single 1° (NC 11°) production, that is the topic of this dissertation, first appears at
the end of Chapter 1 in the context neutrino oscillation, but it is in Chapter 2 that the title
subject is more rigorously explored. That chapter investigates the theory regarding NC 1m°
production and surveys prior measurements of related cross sections. Part II examines the
MiniBooNE experiment and is itself divided into two chapters: one — Chapter 3 —regard-
ing the hardware features of the experiment and the other— Chapter 4 —the software. The
former describes the Booster neutrino beam and the MiniBooNE detector. The latter char-
acterizes the simulation of all aspects of the experiment, which includes the neutrino flux,
neutrino interactions, propagation of particles in the detector, propagation of light in the
detector, and electronics response. The same chapter also includes a explanation of the algo-
rithm used to reconstruct neutrino event candidates, i.e. extract measurements of kinematic
and particle identification variables from the data. The final part of the dissertation concen-
trates on the title measurement. Chapter 6 relates the details of selecting NC 1m° candidate
events, Chapter 7 covers the calculation of the cross section from the candidate sample, and
Chapter 8 details the evaluation of possible systematic errors. Part III and this dissertation

culminate in the presentation of the results of the analysis in Chapter 9.



PART I

Introduction



1 The Little Neutral One

EUTRINOS entered the human consciousness rather unceremoniously as a bandage to
N salvage the law of conservation of energy. From inauspicious beginnings, neutrinos
have since offered a wealth of phenomena to explore. This chapter serves to offer something
of an introduction to neutrino physics with a focus on neutrino oscillation for the uniniti-
ated. We will first delve briefly into the history of the neutrino and discuss their place in
the Standard Model. From there we consider the addition of neutrino mass to the Stan-
dard Model and the consequences therein. Finally we discuss the phenomenon of neutrino

oscillation: the search for it, its discovery, and future experiments.

1.1 From Conjecture to Discovery: A Brief History

1.1.1 The Hunt

In the early part of the 20™ century, nuclear beta decay was presumed to be a two-body de-
cay in which the parent nucleus decays via the emission of an electron (A — A’e™); no other
products were observed. A two-body decay is kinematically constrained —if the parent nu-
cleus is at rest, the electron energy can be only one value. However, numerous experiments
measuring the energy spectrum of emitted electrons found it to be continuous.

For some time there was debate as to whether the distribution was truly continuous or
unobserved secondary interactions in the radioactive source provided an energy loss mech-

anism. That debate was settled in 1927 by Ellis and Wooster[1], who measured the average
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energy output of a beta decay source in a thick-walled calorimeter and found it consistent
with a continuous energy spectrum. The indisputable evidence of a continuous spectrum
left physicists scrambling for an explanation.

Niels Bohr, among others, went so far as to abandon the law of conservation of energy
as it applies to beta decay[2]. Wolfgang Pauli went even further to theorize the existence a
particle that, for all intents and purposes, was undetectable. In 1930, in an open letter[3]
to a group of nuclear physicists visiting the University of Tiibingen, Pauli proposed that a
very weakly interacting, electrically neutral, spin-1/2 particle with roughly the same mass
as the electron is also emitted in beta decay. Pauli dubbed the particle the neutron. Given the
highly speculative nature of Pauli’s proposal, he chose to forgo any scientific publication on
the topic.

Soon after, in 1932, James Chadwick discovered a neutral particle[4], but it was deter-
mined to be far too massive to be Paulis neutron. Still, the name stuck and Chadwick’s
particle is what we now know as the neutron. As a remedy for the co-opted name, Enrico
Fermi suggested to Pauli that he call his particle the neutrino (Italian for “little neutral one”)
at the 7 Solvay Conference in 1933. Shortly after the conference, Fermi published a theory
describing beta decay centering around a four-fermion interaction[s, 6] —the first descrip-
tion of the weak interaction and the beginnings of a rigorous theoretical foundation for the
neutrino.

The question remained: How can the neutrino be detected? Neutrinos are emitted in
beta decay, so it is natural to think they can be detected through the inverse process (pv. —
ne™). In the same year as Fermi’s publication, Hans Bethe and Rudolph Peierls made a calcu-
lation of the cross section for inverse beta decay based on dimensional analysis[7] (though
it was consistent with Fermi’s theory) and concluded that it is “absolutely impossible to
observe processes of this kind with neutrinos created in nuclear transformations” and that
“there is no practically possible way of observing the neutrino” even considering higher
energy neutrinos from cosmic sources. It took two decades to make the impossible pos-
sible. In 1953, Frederick Reines and Clyde Cowan proposed an experiment to detect an-
tineutrinos produced by a nuclear reactor by searching for inverse beta decay in a liquid
scintillator detector [8]. Three years later, they published conclusive evidence for detection

of the neutrino[9]. In another three years, they published a measurement for the inverse
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beta decay cross section[10]. The work of Reines and Cowan had ushered in a new era of
experimental neutrino physics.

The discovery of the muon in 1936 was entirely unexpected to physicists, leading L.I.
Rabi to remark, “Who ordered that?” It was difficult to reconcile the existence of the muon
and only one neutrino within the framework of Fermi’s theory of weak interactions, even
when one introduces an intermediate, force-mediating boson[11]. Discrepancies between
theory and experiment raised the suspicion that the neutrino associated with muons was not
the same as that associated with electrons. To test those suspicions, Leon Lederman, Melvin
Schwarz, Jack Steinberger, and colleagues used the Alternating Gradient Synchrotron (AGS)
at Brookhaven National Laboratory (BNL) in the early 1960s to produce and study a beam
of neutrinos produced in association with muons as a result of pion decay. In 1962, they
published the results of their research: neutrinos produced in association with muons would
in turn produce only muons and not electrons, making it unlikely that they are the same
neutrinos produced in beta decay[12]. And so it came to be that neutrinos produced in
association with electrons, e.g. in beta decay, were renamed electron neutrinos and those those
produced in association with muons muon neutrinos.

After the discovery of a third charged lepton —the T —in 1975, the existence of the corre-
sponding tau neutrino was a foregone conclusion. The third flavor of neutrino was observed
in 2001 as a result of the DONUT (Direct Observation of the Nu Tau) experiment at Fermi-
lab (FNAL)[13].

1.1.2  Evolution of the Weak Force

The introduction of the neutrino necessitated the introduction of the weak force. The ab-
sence of even the hint of a direct observation of a neutrino could only be reconciled with
its supposed existence if it interacted via a vanishingly weak force. The development of the
weak interaction began with Fermi’s description of the four-fermion interaction.

In 1956, in order to reconcile experimental observations of kaons, Chen-Ning Yang and
Tsung-Dao Lee suggested that parity was not conserved in weak interactions[14]. Within
a year, Chien-Shiung Wu followed up on a proposal by Yang and Lee for an experiment

and measured the angular distribution of electrons emitted in the  decay of a spin-oriented
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sample of cobalt-60. She discovered that the electrons were overwhelmingly emitted in the
direction of the nuclear spin, i.e. that parity is violated in  decay[15]. From this experiment,
it was deduced that only right-handed antineutrinos were emitted in the decay. In his initial
formulation of the neutrino, Pauli had dismissed the idea that it could be represented by
a two-component Weyl spinor since doing so would not conserve parity. With parity no
longer a symmetry of nature, Yang and Lee[16], Abdus Salam[17], and Lev Landau[18]
were free to develop a two-component theory of neutrinos. In such a theory, the neutrino is
massless; masslessness necessarily implies constant helicity. Hence these theories, together
with experimental observations implied that only left-handed neutrinos exist in nature.

While the two-component theory provided a special treatment for neutrinos, countless
experiments had observed the weak interaction to be universal. More precisely, the cou-
pling constant in all charged current weak processes (the only kind known at the time) was
the same, regardless of the particles involved. Inspired by the two-component theory of
neutrinos, Richard Feynman and Murray Gell-Mann[19] extended the idea into a theory
of the weak force characterized by a universal current-current interaction that mixed vec-
tor and axial vector currents equally (J*¥ ~ p#(1 — ¥5)). The “vector minus axial vector”
(V—A) structure projects out the left-handed chiral states of the fermion fields. This feature
encodes parity violation into the theory. Jun John Sakurai[20] and Robert Marshak and
George Sudarshan[21] independently developed universal V' — A theories as well, though
they did not necessarily begin with the two-component neutrino theory:

The V— A theory did well to describe the experimental data at low energy, e.g. muon de-
cay and beta decay, but failed to yield physical predictions at high energy. Little time passed
before work began towards establishing a gauge theory of the weak interaction that ac-
counted for the observed universality and parity violation. This work naturally led to unifiy-
ing the weak and electromagnetic forces. Sheldon Glashow|[22], Steven Weinberg[23], and
Abdus Salam[24] each contributed to the development of the theory (now named after
them) of electroweak interactions in the Standard Model. In their theory, three massive
gauge bosons mediating the weak force and the photon arise from the spontaneous breaking
of SU(2) symmetry by the Higgs mechanism[25] ina SU(2) x U(1) gauge group. Two of the
massive bosons, the W' and W, mediate charged current interactions that convert charged

leptons into neutrinos and vice versa. The third massive boson, the Z°, is neutral and medi-
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ates neutral current interactions in which the lepton does not change charge. While it had
long been suspected that a charged, intermediate field mediated weak interactions[19, 26],
the predicted existence of neutral currents ,which had not been observed, was a new de-
velopment. The Glashow-Weinberg-Salam (GWS) model gained a stronger footing when
weak neutral currents were discovered by the Gargamelle collaboration. The first hint of
elastic scattering of muon antineutrinos off electrons was observed in 1973[27] and conclu-
sive evidence was gathered in the year after that[28]. The theory was further vindicated
when gauge bosons themselves were directly observed by the UA1 and UA2 collaborations

at CERN in the 1980s[29—31].

1.2 The Weak Interaction

At this point, we venture further into the specifics of GWS theory. For the most part, we
adopt the notation and follow the treatment of Peskin & Schroeder[32] for our discussion.
Under the model, the gauge group of the of the electroweak interaction is SU(2); x U(1)y.
The generators of of SU(2), —weak isospin—act only on left-handed fermion fields. The
subscript Y indicates that the generator of U(1)y—weak hypercharge — differs from the gen-

erator of the electromagnetic gauge group, U(1).,, — electric charge.

1.21  The Higgs Mechanism
Breaking Electroweak Symmetry, Massive Gauge Bosons

The SU(2);, symmetry gives rise to a triplet of gauge fields, W7}, (a = 1,2,3), associated
with the operators T" and coupling strength ¢. Each operator T" returns the corresponding
SU(2),, generator in the representation of the field upon which it acts. The U(1)y symmetry
gives rise to the gauge field B, with coupling strength ¢/, and the weak hypercharge operator
Y.

Before we discuss the gauge fields, we will first address the mechanism that generates

their mass. We introduce a weak isospin doublet (in the fundamental representation of
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SU(2)), complex scalar field with +1/2 weak hypercharge. This field is the Higgs field:

1 [t
- . (1.1)
?="7 -

Accordingly, the field transforms under the gauge symmetry like

¢ — exp(ia®(x)T" 4+ if(x)/2) ¢, (1.2)

where a”(x) and f3(x) are arbitrary functions of position and the 7° are the generators of
SU(2); in the fundamental representation. The generators are related to the Pauli matrices
by 7 = ¢%/2. The field is introduced to the Standard Model Lagrangian with the usual

kinetic term and a quartic potential:
Ly = [Dup["+ p*lgl* = Mol*, (1.3)

where the covariant derivative is in accordance with the canonical prescription for construc-

tion of gauge theories and the assigned quantum numbers of ¢:
; a_.a i
D, = 0, —igA,1" — ;g’BH. (1.4)

With appropriate choice of ¢ and A, the minimum of the potential becomes nontrivial, caus-
ing ¢ to acquire a vacuum expectation value (VEV). We can choose any VEV satisfying

- - i
()| = I = U5 For the sake of convenience, we choose

(p) = NAD (1.5)
It is easy to see that Eq. (1.5) breaks the transformation rule in Eq. (1.2) except in the case
a' = a> = oand @> = . This result is a manifestation of (¢) breaking the electroweak
gauge symmetry to U(1),,. We can identify the remaining respected symmetry generators
with the electric chargel!:

Q=T+Y. (1.6)

"The most commonly used definition of weak hypercharge is normalized such that Q = T* + £. We use
the minority definition in our discussion.
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Evaluating the kinetic term in Eq. (1.3) at (¢) and expanding it yields mass terms:

’DMQ"}Z lo=(9) = (8“¢T]¢:<¢> + ég (0 V) 'A% 4 %ﬁg’ (0 v) B”)

o

P i
< Dl = 28T | )~ 5 8B

v
v bu pa . a a 2
=3 (g‘A HAS, (Oap — Teas) — 288 (BMA # —I—AHB/‘) 0 +4 BHB“>

g o o 0 A,

e o ¢ o 0 A
= — ( A A A3 B/‘)
8 o o g -g|]|4

o o —g ¢ B,

The physical gauge bosons can be recovered by diagonalizing the mass matrix. While A,

(1.7)

) . . .
and A, are trivially mass eigenstates, they are clearly not the gauge bosons we physically
observe. Since the states have the same mass, we are free to construct normalized linear
combinations of the two. We choose combinations associated with the weak isospin ladder
operators (T* = T + iT?) so that they have weak isospin 41 (and electric charge +1, since

they have no hypercharge). The physical gauge bosons are:

1 o 1
‘/Iﬁ‘u = % <AP‘ + lAH) My = ;Ug
7% = cos 6,43 — sin 0 -1 =
, = cos 0,45 —sin0,B, my = 5 o8 0 (1.8)
Ay = sin6,4} + cos 0,8, My = 0,

where

g

The parameter 0,, is the weak mixing angle. It can be viewed as a measure of the mixing of

(1.9)

sinf, =

the weak and electromagnetic forces.
In order to describe the interactions of the Higgs field in the broken symmetry regime,

we introduce the field k(x) and &*(x) to represent fluctuations about the VEV:

1 1 0
= —— €X _,qua> . (1'10)
4 V2 P (V v+h
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The field i has quantum numbers Q = o, T* = 1/2, and Y = —1/2. Obviously, the fields &*
can be eliminated by the appropriate choice of gauge (SU(2);) transformation. Under this

choice — the unitary gauge —we have

- © . (1.11)

V2 v+h

Substituting this expression into Eq. (1.3) along with the physical gauge field definitions

and eliminating A in favor of v yields
e W 1 g Ho 1 , 2
EH = —[/l h — 7]13 (1 + 47}]1) + g <2W:W_‘u + EZ;ZO H) <U+ h) . (1.12)
We have adopted the shorthand s,, = sin 8, and ¢,, = cos 0,,..

Origin of Fermion Mass

We next examine how the same mechanism effects the mass of the other ingredient fields
of GWS theory: the fermions. A free spin-; fermion, vy, can be represented by a four-

component Dirac spinor which obeys the Dirac equation:
(i) — m)y = o; (1.13)

m is the Dirac mass. Dirac spinors can be decomposed into fields residing in different two-

dimensional representations of the Lorentz group through the chiral projection operators:

1— 95 1+ 93
w=( y)w( ZY)W=PLW+PRw=wL+wR. (1.14)

2

v, and y, are two-component chiral Weyl spinors; the former is said to be left-handed and

the latter right-handed. Using the chiral fields, we can rewrite the Dirac equation as

—m i(0p+0-V) v,
=o. (1.15)
i(0p—0-V) —m 7%

Obviously, the mass term in the corresponding Dirac Lagrangian,

myy = my, Y, +mypy,, (1.16)
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mixes the chiral fields; however, if the fermion is massless, the Dirac equation decouples and

each projection independently obeys the Weyl equations:
i(0p—06-V)y, =0 i(0o+0-V)y,=o0; (1.17)

In any case, the kinetic term in the Dirac Lagrangian splits under under the chiral decom-
position:

yidy = ‘_VLi@WL + ?’Ria%{' (1.18)
Because the fermion fields couple to the gauge fields through the covariant derivative in the
kinetic term, we may assign each chiral projection to different representations of the SU(2);,

gauge group. In accordance with experimental observations, the right-handed fermions,

Ir = {€R7 Ug; TR} Up = {UR, CR, tR} dr = {dR75R7 bR} ) (1.19)

are singlets in SU(2);. Right-handed neutrinos do not appear here since neutrinos are mass-

less in the Standard Model. The left-handed fermions,

Ve Vu v, u c t
L, = y ) 5 QL = ) ) ) (1'20)
e Y T d s b

L L L L L L

are assigned to the fundamental representation of SU(2);. Each left-handed fermion is
paired with another in a weak isodoublet. The weak hypercharge is assigned according to
Eq. (1.6) to reproduce the known electric charge of each field. The fermion content of the
Standard Model including electroweak quantum numbers is summarized in Table 1.1.

The Higgs mechanism also serves to generate the fermion masses. As a result of as-
signing the left- and right-handed fermion fields to different representations SU(2)., we
cannot mix the two to form the usual mass terms. However, we can construct guage-
invariant Yukawa couplings consisting of right-handed fermion fields and the contraction

of left-handed fields and the Higgs doublet. Terms of the form

—AfFr - 9fr, (1.21)

where - indicates contraction along SU(2); indices, generate the mass of down-type quarks
and charged leptons. They are U(1)y invariant (zero weak hypercharge) and are also SU(2),

invariant since

Foog— (FL-e*" e . 9)=F. 9. (1.22)
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1 Gene:ation 3 (T, T%) v Q
§ <ve) <v”) (v,) (1/2,1/2) -1/2 o
g e, \u), \7), (1/2,-1/2) -1/2 -1
~ er Uy TR (0,0) -1 -1

u c t (1/2,1/2) +1/6 +2/3
g d), \s), b),  (/2-1/2) +1/6 -1/3
C:_\'/ UR CrR IR (0,0) +2/3  +2/3

dr SR br (0,0) -1/3 -1/3

Table 1.1: Fermion content of the Standard Model. Shown are the electroweak quantum numbers in-
cluding weak isospin (T), the third component of weak isospin (T3), weak hypercharge (Y), and
electric charge (Q). The normalization of the weak hypercharge follows the convention in Eq. (1.6).

Generating the mass of up-type quarks requires a slightly more intricate construction. The
weak hypercharge of the up-type quarks require that we couple them to the charge conjugate
of the Higgs doublet; however, the contraction of ¢¢ with Q; is not invariant under SU(2);.
Fortunately the operator

Q, - €9*ug, (1.23)

where ¢ is the antisymmetric tensor in two dimensions, is invariant. To demonstrate in-

variance, it is enough to prove that e¢p* transforms like ¢ under SU(2);. Using the identity

a’o”
Fvd 59 . .
€% =cosa+1 sina, a = Va*a?, (1.24)
we have
. . oA ax . (04 .(xa 4
et =it’p" —it’e T @" =i| cos — — 2i— sin =77 1% | 179"
2 o 2
: @ at o a 2 %
=t1{cos—+20—smm—T | T¢
2 o 2
_ ia%r? *
=e"Tept [ (1.25)

No symmetries constrain the coupling across generations, hence the most general set of

Yukawa couplings is

L, = -MQ, - odf — NiQ, - egufy — MLi - gl + h.c.. (1.26)
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In general, we cannot simultaneously diagonalize all the terms, but we can diagonalize
each Arin such a way that mass terms are diagonal in the unitary gauge, where only ¢°
acquires a VEV. For each Ay, there exists unitary matrices Urand Vyand a diagonal matrix Z¢
such that

)Lf = Ufo‘/}. (1.27)

This construction is known as a singular value decomposition (SVD). To diagonalize terms

coupling the quark fields to ¢°, we make the following change of variables:

ug — Vyup dp — Vidy
(1.28)
u, — Uy dp — Ugd;.

Since the neutrinos are massless, we are free to apply the same change of variables to both

left-handed lepton fields:
L= Ul vp— Uy Ig— Vig. (1.29)

Substituting the transformations in Eqs. (1.27), (1.28), & (1.29) reduces Eq. (1.26) to the

form
L, = —(p"(_iLdeR—go"ﬁLZuuR—go"fLleR—¢+ﬁLULUddeR—i—(p’(_iLUZ,UuZuuR%—h.c.. (1.30)

We should note that Vrand U; do not appear in Eq. (1.30). In fact, these matrices are not
physical; later, we will see that they do not appear in the weak interaction terms either.
Finally, if we substitute the expansion of the Higgs field about its VEV in Eq. (1.10) and use

Eq. (1.16) to rewrite the chiral fields, we recover the usual Dirac mass terms:
_ i ST
L’y—;<mfff +%hff>. (1.31)

i

. (22 . ; .
We have associated the constants TJ; with the fermion masses mgand substituted the SU(2).

coupling in lieu of the Higgs VEV.

1.2.2 Fermions and Gauge Boson Couplings

Having prescribed masses to the field content of GWS theory, we now address the field

couplings. Before symmetry breaking, the covariant derivative in the SU(2); x U(1)y gauge
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is
D, = 0, — igA,T" — iY¢'B,, (1.32)
where T" resides in the same representation as the coupled fermion field and Y is the weak

hypercharge of the field. Using Egs. (1.8) & (1.6), we can rewrite Eq. (1.32) in terms of the

physical gauge bosons after symmetry breaking:

D, =0, —

W;T* + W;T7> g z, (T* —sin® 6,,Q) — ieA,Q. (1.33)

cos 6,

s (
V2

Here we have associated the coupling constant of A, with the unit electric charge so that

e=gsin0,. (1.34)

When constructing the W= field in §1.2.1, we alluded to it being associated with the weak
isospin ladder operators T=. We see that explicitly in Eq. (1.33).

Fermions couple to the gauge field through the kinetic terms of the form f(i3) f. If
we explicitly include the change of basis into the fermion mass eigenstates specified by

Eqs. (1.28) & (1.29), the interaction Lagrangian is

£= (v 10 @) () ¢ (wuy a0) i) | O

UllL UddL
+ iRV;r(im)VllR + ug V(i) V,ur + ERVZ(iD) Vadg.  (1.35)
Expanding the covariant derivatives using the appropriate quantum numbers gives
Lp= Ly (i, )Ly + Q(i,)Q, + € (it )y + (i), ) up
+ (i) + §(W Jecr + W, Jec- + ZiJie) + eAudi, (1:36)

where the currents are

_ o L Uy _ bid U,u
]éc+ = (1_’LU1T lLU;[> vz T + (ﬁLUz dLUji) V2 t
o o Ul o o Uad,
1
= % (viy L + upy* Vegmdr)
1, _
— 2—\/5 (vy# (1 — )L+ uy* (1 — y°) Vexad) (1.37)
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T
Jee- = Utes) " (1.38)
1 oo 0 0 Uy
_ > VL
Tne = — (T’LUIT lLUD N
Cw o —L o —ypHs ul;
¥ 2042
_ (o) S o U
+ (ﬁLUZ dLUL> 2 u - 3y
o —L o =y, Ugd;

+ iRvj (Si})/‘u) ‘/vllR + ‘l_lRVL <—§5Z})/‘u> VuuR + ZiRVZ <§S;yﬂ> VddR

1 - — _
= {VLG)Y”VL T (= + s )y +u (] — 25y s +du(—; + is,)y"de

+Ir(s}) ! Ie + r(—25},) y ur + c_iR(gs;)y”dR}
= f {W‘(l =Py = (1 =45, — )+ ayt (1 = s, — )
Cuw

—dy*(1— i, — ys)‘_il , (1.39)

0O o Uy

o —ypt uil;

gy" o U,u;

]EM: (T’LUIT iLU;r> Lop
o —3y U.d;

+ (aLU; &LU§>
+ ZR‘/; (—)/H) ‘/llR + ﬁRVL <§YH> VuuR + ;iRle <—§Yﬂ> VddR
:i(—1)y“l+ﬁ(i)y"u—l—fi(—i)y”d. (1.40)

In addition to the result using chiral spinors, we have also provided the expressions using
Dirac spinors using the relationships Pry*P; = y#P; and Py y#Pr = y*Px.

Like we saw in §1.2.1 when diagonalizing the fermion mass terms, the rotations Vyand
U, drop out of the Lagrangian; only U; and U, remain. The surviving change of variables
into the mass eigenstate basis manifests itself in the Lagrangian as the Cabibbo-Kobayashi-

Maskawa (CKM) matrix[33, 34]:
VyekM — ULUd. (1.41)

As derived, V<M is a complex unitary matrix, which can be parameterized by N(N—1) /2 =

3 real parameters and N(N + 1)/2 = 6 complex phases. While one phase can be absorbed
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into each of the quark fields, an overall phase is unobservable. Hence, four parameters are
necessary to describe the CKM matrix. The standard parameterization arranges the V<M

as

VM = R3(912)P§(5)R2(913)P3(5)R1(923), (1.42)

where R;(0) is a rotation about axis i through Euler angle § and P,(8) = diag(1,1,e7 ).
There are two features worthy of note in the currents Egs. (1.37)—(1.40). One, the CKM
matrix appears only in the charge current interactions. It effectively defines the down-type

quark states of definite weak flavor, d;, in terms of the quark mass eigenstates:

d/ Vud Vus Vub d
dl=1ve v. v, s (1.43)
b Vi Vi Vy b

It is no less valid to instead redefine the up-type quarks. The notion of flavor simply relates
the pairs of particles produced in the decay of a W, the definition of the particles in each
pair is fluid; choosing the up-type quark mass eigenstates and flavor states to be equivalent
is a matter of convention. Alternatively, the elements of the CKM matrix can be interpreted
as the scale of the coupling between up-type quarks and the different generations of down-
type quarks, hence the subscripts on each element in Eq. (1.43). The intentional omission
of neutrino mass from the Standard Model means that there is no such mixing in the lepton
sector. Indeed, because the neutrinos are massless, any arbitrary rotation applied to the
neutrino generations yields mass eigenstates. Additionally, the charged lepton mass terms
can be diagonalized independently of the neutrinos, permitting the equivalence of charged
lepton flavor states and mass eigenstates. Hence, the only physical definition of neutrino
states are the flavor states coupling to charged leptons in the charged current interactions.
The second noteworthy property is that while the charged current interactions are purely
V — Ain structure, the neutral current interactions are not. The mixing among quark gener-
ations and the inclusion of right-handed fields breaks the pure V — A structure in the neutral
current. Before GWS theory was formulated, the weak interaction was believed to be purely
V — A. The introduction of neutral current interactions and the confirmation of their exis-

tence, as described in §1.1.2, served to redefine our understanding of the weak force.
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1.2.3  Gauge Boson Self-Couplings

The last ingredients to GWS theory are the gauge boson free-field terms. In terms of the

unbroken gauge fields, these terms are given by

L= (a1am 4 B,B") (1.44)
where the gauge field tensors are

a a a abc Ab pc
Ay, = 0,4, — 0,4, + ge™ALA],

B,, = 0,B, — 0,B,. (1.45)

Using the definitions of the physical gauge bosons in Eq. (1.8) and a rather liberal use of

antisymmetrization brackets, we can rewrite Eq. (1.44) as

1
4
— 2g0 AL AVAT — g A AL AMEAYY

= —i (W;V —agW,, (ch‘v’] + swAv]> ) (WJ“’” + 2igW s (ch"’V} + swAV]) )

L, (Ar, +idz,) (@ — iaxe) - oy a% 04> — 9,80 B

! <AWA‘” + Z;;vz"vf”) —ig <cw2;;V + swA,w> Wl
4

3 7am
+EW WW W

S <2W;VW+”” + A AM + Z;’WZO’””> —~ ig[ <W;VW+”‘ —~ WjVW7”>
4

(62 4 al) + WW (02, +sd) | =S [ (W wey

— (W )PWH 42 (W - W) (2’ +5.4)" —2 (W - (cuZ° + 5,4))
X (W (cuZ® + s44)) ] (1.46)

In Eq. (1.46), we have introduced the tensor
F,, = 0,F,+0,F, , F=W*Z2°A (1.47)

for each physical gauge boson and employed the notation M - N = M,N* and M*> = M - M.
The gauge part of the Lagrangian includes kinetic terms for each gauge boson as well as

three and four point interactions.
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Gauge Fixing

Generally in a gauge theory, we must supply a gauge constraint in order to eliminate un-
physical degrees of freedom. We previously referenced the unitary gauge. This gauge is
actually one in a family parameterized by a nonnegative, real-valued variable £ known as
the R; gauges. The unitary gauge occurs in the limit £ — co. We will eschew a detailed
discussion of the gauge-fixing procedure and instead refer the reader to the discussion of
gauge-fixing via the Faddeev-Popov formalism in §21.1 of Ref. [32]. After fixing the gauge,
the propagators of the gauge bosons will depend on the choice of . Additionally, the for-
malism introduces unphysical fields — Faddeev-Popov ghosts — that are required to maintain
gauge-invariance in Feynman diagrams including loops.

In summary, the total electroweak Lagrangian is
‘CEW = Eg + Eh + ﬁy + [,f—|— £GF7 (148)

where L,, £y, L,, and Lrare given by Egs. (1.46), (1.12), (1.31), & (1.36), respectively. Lgr
includes terms to fix the gauge as well as interactions of the resulting Faddeev-Popov ghosts.
The Feynman rules for the gauge boson and fermion propagators and fermion vertices ap-
pear in Table 1.2. For a full listing of the Feynman rules for electroweak interactions, see
Ref. [35]. The best-measured values of the fermion masses, electroweak couplings, and
CKM mixing parameters, as reported by the 2009 partial update to the 2008 Particle Data

Group Review of Particle Physics[36], appear in Table 1.3.

1.3 Neutrino Mass

1.3.1  Motivating Majorana Neutrinos

The development of the Standard Model was largely guided by experimental observation. As
no evidence for nonvanishing neutrino masses existed during that development, terms giv-
ing rise to neutrino masses were purposely omitted from the Standard Model. Adding neu-
trino mass to the Standard Model is fairly straightforward. We can introduce right-handed
neutrinos to construct a Higgs coupling analogous to that in Eq. (1.23), which generated the

up-type quark Dirac mass term in Eq. (1.23). Measurements of the cosmic microwave back-
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Gauge Boson & Fermion Propagators
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Table 1.2: Weak interaction Feynman rules. This is a partial listing of the Feynman rules for weak
interactions: rules for gauge boson self-interactions, the Higgs boson, and the unphysical Faddeev-
Popov ghosts are not shown.

ground have constrained ) m, < 0.28 ¢V/c* (95% CL)[37]. In order to produce masses
this small, the Higgs—neutrino couplings must be several orders of magnitude below the
couplings for other fermions. This disparity makes the Higgs mechanism an inelegant can-
didate for the sole cause of neutrino mass.

Many additional mechanisms exist to produce mass that are peculiar to neutrinos in the
Standard Model (see Refs. [38] & [39]). A number of these models incorporate the idea that
neutrinos may be Majorana, i.e. that neutrinos and antineutrinos may be indistinguishable.
To discuss this possibility, it will be necessary to introduce the charge conjugate of fermion
field. The charge conjugation operator C transforms a particle into an antiparticle with the

same spin orientation. A charge conjugated Dirac field is defined by

Y =CyC ' = Cy' = iy*y°y, (1.49)

where C = iy? is the charge conjugation matrix. If a field is equal to its charge conjugate
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Masses (MeV/c*)

Quarks
my(2 GeV/c*) = 1.5-3.3 mq(2 GeV/c*) =3.5-6.0
me(me) = 1.270(];) x 103 ms(2 GeV/c*) = 105(33)
me = 171.3(16) X 103 my(mp) = 4.20(7) x 103
Leptons
My, < 460 X 10~ Me = 0.510998910(13)
my, < 0.19 my = 105.658367(4)
my, < 18.2 m; = 1.77684(17) X 103
Gauge Bosons
mw = 80.398(25) X 103 mz = 91.1876(21) X 103
CKM Quark Mixing Matrix
sin 0, = 0.2257(,)

. 0 Vadl [Vas| [ Vi 0.97419(22) 0.2257(10) 0.00359(16)
sin 0,; = 0.00359(37) 10
sin 0,, = 0.0415(1) [Ved| [Ves| [Va| | = | 0.2256(10) 0.97334(23) 0.0415(37)

S, 20(9) 2 Veal [Vi| [Viol 0.00874(3%) 0.0407(10) 0.999133({1)
O\
Gauge Couplings
a(mz) = e(mTZ) =1/127.925(16) Gp= 4\/‘%;% = 1.166367(5) X 1075 GeV™?

$2(mz) = 0.23119(14)

Table 1.3: Parameters of the GWS model of electroweak interactions. All cited values except the CKM
angles are the best measurements given by the 2009 partial update of the 2008 Particle Data Group
Review of Particle Physics[36]. Parameters accompanied by a parenthetical value are renormalized
under the modified minimal subtraction (MS) scheme[32] at the scale indicated by that value. The
value of the CKM matrix is arrived at from a simultaneous fit of each element using the global data
and assuming unitarity; direct measurements of each element without the assumption of unitar-
ity result in larger uncertainties. The CKM standard parameterization angles are derived from the
Wolfenstein parameters cited in Ref. [36]. Gp is Fermi’s constant; it is the coupling constant for the
effective four-fermion interaction.

up to a phase (y° = &y), it is said to be a Majorana field. Obviously, the condition can be
satisfied only if y is a neutral particle. Imposing the Majorana condition on a Dirac spinor
requires

X

oty (1.50)

y=8y'=>y=

where x is a two-component Majorana spinor. Imposing the Majorana condition on the
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Dirac equation yields the Majorana equation
(0, —0-V)y —imo*y* = o. (1.51)

Here, m is the Majorana mass. In particular, if we choose the phase to be equal to unity, we
can write ¥ in terms of Weyl spinors as v = v, + (v, ) or v = v, + (y)°. Keeping in
mind that terms coupling fields of the same chirality vanish, substituting the Majorana field

into the Dirac Lagrangian yields Majorana mass terms of the form

AL =~y )y, +he AL=—"{y )y, +he, (1:52)

where we have scaled the mass by a factor of 2 to account for the symmetry between the

fields and their charge conjugates. These terms are readily adaptable to neutrinos.

1.3.2  Seesaw Mechanism

Majorana mass terms obviate the need to appeal to the Higgs mechanism to generate neu-
trino mass since we can couple right-handed SU(2); isosinglets to produce a mass. Since
these right-handed neutrinos do not couple to any of the gauge bosons in the Standard
Model, they are called sterile fields. The second possible Majorana mass term, —%WVL,
is clearly not SU(2), invariant. Such a term would require that m be due to a coupling to
a weak isotriplet that attains a VEV. The simplest neutrino mass model incorporating Ma-
jorana masses, the Type I seesaw[40, 41], avoids invoking any additional fields beyond the
neutrinos. It includes a Majorana mass term and a Dirac mass term composed from # right-
handed neutrinos; the lepton mass portion of the Lagrangian is

L . L . y___
Lo = MLy - gl — ML - egvh — " (v + he. (1.53)

In the Type I seesaw mechanism, the coupling constants A” are taken to be of the same order
as the other fermions, since they arise from the same symmetry breaking mechanism. In
contrast, the Majorana masses m? are not protected by any symmetry and are chosen to be at
a scale much greater than the electroweak scale. From the definition of charge conjugation,

we can show that

(WL)C(VIR)C = WEYOCTYOC(VL = _WRVOVz)zq/; = YrY,. (1.54)
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Using this identity to rewrite the Dirac mass term and substituting the Higgs VEV from
Eq. (1.5), Eq. (1.53) can be rearranged as
U/\l vL

Lo = L2 (G w) O™ h
mv—_LﬁR_;OVL) (NL)) my N, +h.c, (1.55)

M,

where we have defined mp = ”\% and we have dropped the generation indices in favor of

vector notation. As a matter of notation, we have identified (vz)° with the set of left-handed
fields Ny. A;is a3 x 3 matrix, mg is n X n, and mp is n x 3. Without loss of generality, the
Majorana mass matrices can be made symmetric. Because of our choice of the size of the A,,
we are working in the limit that |[mg|| > ||mpl| (]| - || is the operator norm).
Diagonalizing the charged leptons is simple. We can decompose A; per Eq. (1.27) and

apply the change of variables
Ir = Vilg I — Ul , (1.56)

after which

- vA v —
—l,—=Ilrg +hec — — = — L. 1.
L \/E R Zl: \/5 Xl: m (1.57)
Diagonalizing the neutrino states requires a more careful analysis. For any complex sym-

metric matrix A, there exists a unitary matrix W such that
WAW =3, (1.58)

where X is a diagonal matrix with nonnegative real elements. Indeed, W can be constructed

from the SVD of A:

W=V UV, (1.59)

where UV’ = A. This transformation is not strictly a diagonalization since it is not a
similarity transformation (W'W # 1). The structure of M, suggests that we construct the
factorization of M, by approximately block diagonalizing it and computing the factorization
of each block. Following this prescription leads to the choice

1 (mg'mp)t W, o

W = , (1.60)
—myg 'mp 1 o Wy
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where W, and Wy satisty

W, (—mpmy'mp) W, = Z,, (1.61)
WA, (i + (i) mmly + mpmby (i) ) Wiy = S, (1.62)
so that
WM, W = > O((mom")) (1.63)
O((mpmy")") In

Wis also unitary to O(||mpmy*||*). It will be convenient to work with the approximate form
of W; future expressions employing this form will be only approximate to O(|lmpmy*(?)
without explicit note.

From Eq. (1.61), we can see that the singular values of M, are broken into two groups

differing substantially in magnitude. Specifically,
y = m, = O(||mp||lma[|™"), (1.64)
Sy = my = Z(mg)" + O([[mpl[lme] ") , (1.65)
where X (myg)' = O(||mg||) are the singular values of mg. The reason for the “seesaw” name
is apparent here: the larger the scale of my, the larger the masses m, and the smaller the
masses m'. This behavior provides an elegant explanation for the smallness of neutrino
masses. The change of variables
v — Wyvp + (mg'mp)"WyNL, (1.66)
NL — —m;mDvaL + WNNL, (167)
takes flavor states to mass eigenstates. The three fields of v, are predominantly light, in-
teracting neutrinos, while the M fields of N, consist of heavy, mostly sterile fields. If we
construct Majorana fields by adding the chiral fields and their charge conjugates —
v=v.+ (v)° N=N.+ (No) (1.68)
we find that we can recast Eq. (1.55) as
2 R | Al
Lo == (m;zzp + ;m;w> -y <;m;\,N’N’> . (1.69)
1=1 1=1
Thus the mass eigenstates of a Lagrangian with generic Majorana mass terms, regardless of

the presence of Dirac mass terms, are Majorana fields.
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1.3.3 Lepton Mixing
Charged Current

The introduction of neutrino mass introduces cross-generational terms in the lepton sector
of the weak charged current, much like what happens with the quarks and the CKM matrix.
Under the change of variables described in Egs. (1.56) & (1.66), the leptonic portion of the

positive charged leptonic current becomes

1 1 — 1
—Zi’LWIUl)/HlL + _ZNLWJ-\]mEImDUly#lL = —ZT’LWIUI)/#ZL. (1.70)

]gCJr,l = \/— \/— \/—

We find that the heavy neutrinos do not participate in mixing in the limit ||mgpmp'|| < 1.
Considering that charged lepton mass eigenstates can be observed via electromagnetic inter-
actions, it is a natural convention to define the charged lepton flavor states to be equivalent

to the corresponding mass eigenstates (I; = I). Hence, the neutrino flavor states are
' 7ot _
v, = Ul vaL = UPMNSVL‘ (1.71)

Upumns 1s the leptonic analogue of the CKM matrix. It is occasionally referred to as the Ponte-
corvo-Maki-Nakagawa-Sakata matrix after those who first described it—Ziro Maki, Masami
Nakagawa, and Shoichi Sakata[42] —and the one who first raised the possibility of neutrino
mixing—Bruno Pontecorvo. Like the CKM matrix, Upyys 1s a unitary matrix described by
three mixing angles and six phases. Since we were free to add a phase to all the quark fields,
we were able to remove five phases from the CKM matrix; however, we are not free to do the
same to the lepton fields if neutrinos are Majorana particles. Three phases can be removed
from Upyns by redefinition of the right-handed charged leptons. On the other hand, any
phase added to the right-handed neutrinos will appear in the neutrino Majorana mass terms.
Thus, Uppmns 1s fully described by three mixing angles and three phases and can be factorized

in the same way as the CKM matrix but with an additional phase matrix, i.e.

1 0 o0 €G3 O sl3e_“s Ci» $12 O eén/2 o o
UpmNs = | 0 ¢y i o 1 o —S12 €12 O o e%/2 9|, (1.72)
0 —S$y; Ca3 —5136“S 0 (g 0O 01 0 o 1

where ¢;j = cos 0;; and s;; = sin 0;;. The phase embedded in the rotations, &, is known as

the Dirac phase and the phases «, and «, are Majorana phases. The Majorana phases are not
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physical if neutrinos are not Majorana. Under CP, the charged current remains unaltered
cP .

except Upyns — Upyns- If any of the phases are nonzero, Upyns 1s not real and the charged

current will not be invariant under CP. For the sake of brevity, we will refer to Upyns by U

in the coming discussion.

Neutral Current

Since the change of basis between quark mass eigenstates and flavor states is unitary, it had
no effect on the form of the neutral current. However, the mismatch between the number of
flavor states and mass eigenstates in the neutrino sector introduces new terms. In the mass

eigenstate basis, the neutrino weak neutral current is

L/ o (1 —1
Jcy = . (VL(;))’”"L + v (1) YW (my 'mp) " WaNL

+ NLWLm;mDWv(i)y“vL + NLWIT\,mEmD(i)y” (m;mD)TWNNL) . (1.73)

The additional terms mix light neutrinos with heavy neutrinos and mix heavy neutrinos
amongst themselves. These flavor-changing neutral currents are highly suppressed by powers
of my'mp. Discounting the suppressed terms, the weak neutral current is unaffected by

lepton mixing.

1.4 Neutrino Flavor Oscillation

Flavor is a property of weak charged current interactions—leptonic states interacting at the
same vertex are said to be of the same flavor. Suppose a neutrino is produced in conjunc-
tion with a charged lepton. In the presence of lepton mixing, the initial neutrino flavor state
will be a superposition of mass eigenstates and not necessarily an eigenstate of the vacuum
Hamiltonian. As a consequence, the neutrino will no longer be in a state of definite flavor
after propagating some distance and any subsequent charged current interaction will not
necessarily produce a charged lepton of the initial flavor. Given that neutrino flavor is iden-
tified by observing the associated charged lepton, it will appear as though the neutrino flavor
has changed. We will see that the probability for flavor change depends on the distance of

propagation, hence the label neutrino oscillation.
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1.4.1  Oscillation in Vacuum
Standard Formalism

A simple quantum mechanical formalism developed in the 1970s[43—46] reveals the broad
strokes of neutrino oscillation phenomenology in vacuum. The standard treatment rests on

three axioms:

1. Charged current weak interactions produce a coherent superposition of neutrino mass

eigenstates, known as a flavor state, given by
[Va) = Ug [vi) (1.74)

2. The mass eigenstates comprising a flavor state possess the same momentum p and
different energies E; = /p* + m?

3. The times-of-flight of each mass eigenstate between the neutrino source and the de-
tection point are approximately the same and equal to the distance between the source
and detector:

ti~t=1L (1.75)

The last axiom necessarily requires that neutrinos be ultrarelativistic. Neutrino masses are
so small that any neutrino with energy greater than a few keV—any practically detectable
neutrino —may be considered ultrarelativistic.

Under the given assumptions, we can calculate the probability a neutrino produced as fla-
vor a will be detected as flavor f after propagating in vacuum a time ¢ (equivalently a distance
L). This probability is simply the square magnitude of the matrix element (vg|v,(t,L)).
The mass eigenstates comprising the initial flavor state each propagate according to the

Schrodinger equation; hence,
[va(t, L)) = ™ [va(0)) = ) Uge & ). (1.76)

Following the equal-momentum assumption, E; = ,/p*> + m?. We can expand E; to first
order in m? /p and replace p by the mean energy E = (E;):

E—pr ™ oMY gy o™ (1.77)
1—P 2p p3 - ZE E3 ) 77
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which gives us

[va(t,L)) = |vq(L Z l*L|v. (1.78)

Evaluating the square magnitude of the matrix element yields

Pop(L,E) = [{vp|va(L))| (1.79)

2

= 1> (vl Ug) (e_iEUZie_iiL |Vi>)

i

Am?
E U* —i—L 2 2 2

2
Amzj

RPN Z U,U, U,gillzje_iTL. (1.80)

i>j

at

In the last step, we separated the diagonal and off-diagonal elements of the sum and rear-
ranged the off-diagonal elements using the property that the summand is conjugated under

transposition of the sum indices. The quantity

0osC —

4nE

Y Amé’

(1.81)

is commonly identified as the oscillation length. The form of Eq. (1.80) is particularly enlight-
ening. We see explicitly that the flavor transition probability consists of a constant term due
to ordinary mixing and an oscillatory (in space) term due to interference between the prop-
agating mass eigenstates. The constant term is what we would have arrived at if we assumed
that either the production or detection process was incoherent (wherein the individual mass
eigenstates are distinct):

gﬂ’gLE Z‘ {v;| Ug)) < ’EU*e“L|v>>

2

= Z |U<xi|2 |U/3,"2 . (1.82)

i

Similarly, if the source or detector are not localized within the oscillation length or the energy
uncertainty is substantial, the oscillatory term will be averaged and only ordinary mixing
will be observed.

The unitarity of U (), Us, U = 84p) implies

dug = 3 UV = DUl [Up[" + 2RI UUL U (189

i>j
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Using this last relationship, we can recast Eq. (1.80) as the oscillation probability absent

mixing (8,g) plus transition probabilities due to mixing:
Am>
Py yg(L,E) =8up + 2R Y _ UyUyUpUyy ( i 1>
i>]

=0up+2) R [UaJU* UﬁlUEJ] (gcge_i{’;ﬁ _ 1)

i>j

=Oap— 4y R [UajUZiUﬁiUTsj] sin’ (Aéggg

i>j
Am?
i
+2 Z [UOCJUk Upi U}J sin (EI) . (1.84)
>
Substituting U* for U produces the oscillation probability for antineutrinos. We can gener-

alize the expression to encompass oscillations to an arbitrary superposition of flavor states

[A) = 22548 |B):

., Amz-
Pooi(L.E) = 845 — 4 >Zﬁ R [UajU”;iA,;Uﬁ,AyU’;J sin® ('L
1>]5P5Y

t2 Y S| UgUsAUsAL US| sin(%L) L (185)

= y v >E
Many features of Eq. (1.84) are worth noting. First, we consider how the vacuum oscilla-
tion probability depends on its many parameters. The amplitude of the oscillations depends
solely on the elements of the mixing matrix, which are beyond the control of experiment.
More specifically, the amplitude depends only on the combination Uy;U,; Uy, Up;. As it turns
out, this combination is independent of the Majorana phases. Per Eq. (1.72), we can write

Uj as Uje™, where U; depends only on the Dirac phase. Then
UaJU'* Uﬁlej (Xje —ia; U'* em, U,Bl —ia; U*Jewg — U U* UﬁlUZJ (1.86)

Perhaps disappointingly, the oscillation probability is insensitive to the absolute neutrino
masses; it depends on only the relative differences Am In the case that & [UaJU* Usi UEJ]

vanishes, the vacuum oscillation probability is insensitive to even the sign of Amj. The



1. THE LITTLE NEUTRAL ONE 28

two experimentally adjustable parameters, L (also known as the baseline) and E appear in
Eq. (1.84) only in the ratio L/E. If the mass differences are hierarchical, L/E can be tuned
to suppress certain flavor transitions relative to others, which effectively reduces the number
of neutrinos participating in oscillations.

We remarked in §1.3.3 that the weak current will violate CP symmetry if U is not real.
Neutrino oscillation phenomena also maintain the potential to violate CP symmetry. The

difference in the oscillation probabilities for neutrinos and antineutrinos is

L Am:;
Pasg—Pyg=4 Z S [UajUZiUl;iUzj} sin(EyL) , (1.87)
i>j
where we have used U in lieu of U to explicitly indicate that the difference is independent
of the Majorana phases. If U is complex, this difference will not vanish in general. U can be
complex only if the Dirac phase is nonzero. Thus, we may conclude that only the Dirac phase

can be responsible for CP violating (anti)neutrino< (anti)neutrino oscillation in vacuum.

Beyond the Standard Formalism

Before we continue with our discussion of neutrino oscillation, we must address some defi-
ciencies of the standard formalism. One should realize that the idea of a definite flavor state,
which is the crux of the first assumption, is ill-defined. The combination of mass eigen-
states produced in a weak interaction is not necessarily that of Eq. (1.74): it depends on the
transition amplitudes for each eigenstate in that particular process, which in turn depend on
neutrino mass. Moreover, C. Giunti et al. have shown that it is impossible to define a Fock
space of weak states. While the fields of well-defined mass v; create and annihilate states
with well-defined mass |v;), the equivalent cannot be said the for the fields of well-defined
flavor v; from Eq. (1.71). Even though that may be the case, Giunti et al. have constructed
an approximate Fock space of weak states that are specific to the detection and production
processes with which one can calculate oscillation probabilities within the standard frame-
work. In the ultrarelativistic limit, the these states converge to the weak states defined in
Eq. (1.74)[47]. These flavor states are essentially a calculational tool; we should be aware

that the physical states are mass eigenstates.
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It is also obvious that the second assumption in the standard formalism is not necessarily
true. Alternatively, an equal-energy assumption has been suggested[48, 49] and yielded
equivalent results. Both of these assumptions are arbitrary. The energy and momentum of
each mass eigenstate is dictated by conservation of energy and momentum. However, the
equivalence of the equal energy and equal-momentum assumptions is not a coincidence. It
happens that the choice of energy and momentum for each eigenstate has no effect on the
oscillation probability[so0].

During the course of the standard derivation, we commented on the case that coherent
flavor states are not produced or observed: the oscillations reduce to simple mixings. It is
easy to imagine the scenarios in which it would occur. While a flavor state will initially be a
coherent mixture of mass eigenstates, those mass eigenstates will propagate at different ve-
locities and become spatially separated over time. If the neutrino state is observed after this
separation or decoherence occurs, only the individual mass eigenstates will be detected and
oscillations will not occur. Additionally, the neutrino state may not be prepared coherently
to begin with. Suppose the energy and momentum of the produced neutrino are measured
with such precision that the mass is constrained to the degree that only one mass eigenstate
can be produced. Of course, only incoherent mixing will be observed under these circum-
stances. This scenario can also be reinterpreted in the context of the uncertainty principle.

The uncertainty principle demands 0,0, > 1/2. The uncertainty in the momentum is

op(m*,E) \* (Op(m*,E ’
oo () () 2 o

If we require 0, << Am?, where Am?* is the smallest squared-mass splitting, the uncertainty
in position must satisfy

E
Afnz = A (1.89)

The uncertainty in position is larger than any oscillation period; hence, any oscillations will

o, >

be averaged.

The standard formalism provides no innate means to evaluate these cases. The idea of
describing neutrinos using localized wave-packets was introduced by Nussinov[s1] and first
formalized within a quantum mechanical framework by Kayser[52]. Under this formalism,

the wavefunction of each mass eigenstate is chosen to be Gaussian wave-packet with ad-hoc
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spatial and momentum extents o, and o, respectively. The inclusion of a finite extent for
the neutrino state leads naturally to the concept of a coherence length,
2E2

Oy, 1.90
A (1.90)

coh

beyond which oscillations will be increasingly suppressed. Furthermore, the energy and
momentum of each wave-packet are free to take on any kinematically allowed value, ren-
dering any assumptions for these values unnecessary. However, even in this formalism, the
details of the production and detection processes do not enter into the oscillation probability:.
Since the idea of neutrino oscillation does not exist outside the context of charged current
interactions, any full calculation of neutrino oscillation should address the neutrino interac-
tions as well. To that end, the wave-packet construct has been adapted into a more rigorous,
field theoretic framework[53—55]. In these models, the mass eigenstates are represented
by internal lines connecting the production vertex with the detection vertex in a Feynman
diagram. The external lines are modeled as wave-packets. This framework precludes the
need to appeal to flavor states and incorporates the detection and production processes in
a wholly consistent manner. Again, these formalisms reproduce the result of the standard
one in the ultrarelativistic limit. Outside of that limit, though, the production and detection
cross sections cannot be factored out of the oscillation probability.

Given the myriad approaches to calculating the neutrino oscillation probability, contro-
versy is bound to arise. Considerable debate over the most fundamental quantum mechanics
of neutrino oscillation is still ongoing. In particular, works examining how to relate theo-
retical oscillations in time to the measured oscillations in space, i.e. what exactly ¢ signifies
in the propagation of neutrino states, have chosen to relate ¢ to L via the group velocity of
the wave-packet (v = dE/dp = E/p). As a result, each mass eigenstate is assigned a dif-
ferent travel time. This choice has led to an ambiguity of a factor of two in the oscillation
phase[56, 57]. Other authors agree with the general treatment in these works, but argue that
only mass eigenstates with equal energy can comprise a coherent state and that the factor
of two disappears in this case[48, 49, 58]. Still others fault the reasoning in these classes
of results. Some point out that the unequal travel times of the mass eigenstates imply that
detection of the neutrinos must occur at different spacetime points and contend that such

a measurement cannot occur[59—61]. However, even if the mass eigenstate wave-packets
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are spatially separate, interference can be measured if the coherence time of the detection
process is sufficiently long[ 62, 63]. The differing arrival times aside, many judge the use of
the group velocity to be improper[61, 63, 64] or they deem the equal-energy assumption
not only unnecessary, but also unphysical[ 50, 65].

The straightforward, compact derivation afforded by the standard formalism proves use-
ful in a pedagogical context. Such simplicity is potentially illusory: the assumptions under-
lying the standard formalism are effectively declared by fiat and are even fallacious to some
degree. As we have discussed, the physics behind neutrino oscillation is far more nuanced
than the standard formalism would let on. A substantial review of neutrino oscillation in

the wave-packet formalism can be found in Ref. [66] and a briefer overview in Ref. [67].

1.4.2 Quasi-Two-Neutrino Oscillation

Neglecting Majorana phases, the mixing of only two neutrinos of flavor &’ and f8’ is described

by the simple rotation matrix

cos@ sinf
U2 = . (1‘91)
—sinf cos6
If the squared-mass splitting between the two neutrinos is AM?, the oscillation probability

in Eq. (1.84) reduces to

. ., [ AM?
P, =1— sin® 20 sin ( E L> , (1.92)
AM?
P, .y =sin*20sin*| ——L | . 1.
g (20 o

This probability depends on only two parameters set by nature. In contrast, the full three-
neutrino oscillation probability depends on five independent parameters: two squared-mass
differences, two mixing angles, and the Dirac phase. Disentangling so many degrees of
freedom can pose a challenge for experiment. Fortunately, should nature cooperate, there
are scenarios in which oscillation phenomena can be effectively described by two-neutrino

mixing.



1. THE LITTLE NEUTRAL ONE 32

Weak Mixing

First, we consider the case in which one flavor, «, is principally composed of only two mass
eigenstates, n and p, i.e.

Uan < Ugn, Uy, (1.94)

where m refers to the third mass eigenstate. After dropping terms of O(U,,,) from Eq. (1.84),

the survival probability reads

2 2 « 2 Am;n
Ptx—ﬂx(LaE) ~1—4 ‘Uocp} |Uom| sm >E L. (1'95)
Interpreting this probability in the context of two-neutrino oscillation with &’ = « gives
sin®20 = 4 ‘Ua},}z |Uan|™,  AM* = Am, (1.96)

Intuitively, the second effective flavor, f’, in the two-neutrino context is the combination of

the two other flavors, 8 and y, that does not mix with mass eigenstate m, namely

Substitution of Eq. (1.97) into Eq. (1.84) and repeated appeals to the unitarity of U verifies

our expectation that P,_, 5 = prta Pacsp-

One-Mass-Scale Dominance

A second configuration can also lead to effective two-neutrino oscillation. Imagine that the
neutrino mass eigenstates can be divided into two clusters such that the mass splitting be-
tween the clusters is much larger than the splittings within each cluster. If an experiment is
sensitive to the mass splitting between the clusters, the mass splittings within each cluster
will be hidden; each cluster essentially behaves like a single mass eigenstate.

Without loss of generality, we can arrange the mass eigenstates in order of increasing

mass. If we mark the heaviest neutrino in the light cluster K, then

Amp; < Amp,, Vi <K,
Ami,,; < Amp,, Vi> K1, (1.98)

Ami ~ Ami,,  Vi>KAj< K.
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To say an experiment is sensitive to Amj, , i is to say that Amj +1J<]]§_ = O(1). Keeping terms

of O(1) in Eq. (1.84), the survival probability is

P, ,.(L,E) z1—4Z|Um| Z}U‘XJ ( ;;KL>
i<K J>K
Ani
=1— 42 |Uail* [ 1 Z Ui’ Siﬁ(%L)
i<K i<K
Ami
=1—4Vy (1 — Vyy)sin® (%L) : (1.99)

where we have defined Vo5 = ), <k UqiUpi- The form of Eq. (1.99) is consistent with two-

neutrino oscillation involving «. The oscillation parameters can be read off as
sin® 20 = 4V, (1 — Vo), AM? = Ami . (1.100)
The effective mass eigenstates consistent with this interpretation are

Vi) = e S Ust 19, i) = e Yoo Uss v (1101)

hence,
[Var) = VVaa V1) + V1 — Voo [Vh) | (1.102)

and the second effective flavor is

|v/3/> = —V1— Voo [v1) + VVau |V) = % (1 Z Vap ‘v[;> (1.103)

aa (1 — Voca B#a

Fortunately for experimentalists, both of these scenarios are fit to describe nature. As we
will see later in a discussion of the evidence for neutrino oscillation, the electron neutrino
consists largely of only two mass eigenstates and the mass splitting Am;, is much larger in
magnitude than AmZ,. Neutrino oscillation experiments will often interpret their results
in the two-neutrino context, which yields a measurement in the (sin* 20, AM?) parameter

space.

1.4.3 Oscillation in Matter

The propagation of neutrinos in matter is modified by weak interactions with nucleons and

electrons. L. Wolfenstein was the first to recognize the importance of matter effects. In his
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treatment, matter effects are modeled by adding an index of refraction to the propagation of
plane wave neutrino states.[68]. Equivalently, we can describe the effect with the addition
of a weak potential to the neutrino Hamiltonian. The weak potential due to nucleons will
affect all flavors of neutrinos equally; hence, we can omit it from consideration. Naturally,
the presence of electrons will modify the propagation of only electron neutrinos. The weak

potential seen by neutrinos due to matter with electron density N is

Ve = v2GpN..[67] (1.104)

The potential changes sign for antineutrinos. In the flavor basis, the vacuum Hamiltonian

under the assumptions presented in §1.4.1 is
%iﬂ = (a| H|B) = Z UniEiUp; = pdap + é Z Uim:Uy;. (1.105)
Hence, the Hamiltonian in matter is
HE = pI + éUdiag (m?,m2,m?) U' + diag (Ve,0,0). (1.106)

For the sake of clarity, we will avoid discussing three-neutrino oscillation and proceed with
the much simpler two-neutrino case, v — vy. Rather than directly calculate the oscilla-
tion probability, we will compare this Hamiltonian to the case in vacuum and deduce the

probability. We can write out Eq. (1.106) using the mixing matrix in Eq. (1.91):

m:+m: V. AM? [ —cos20 + 6. sin20
>F = (p+—+—)1+— . : (1.107)
2 4E sin 260 cos 20 — 6.
where AM?* = m2 — m? and 6. = 2%, The term proportional to I is irrelevant for our

purposes, since it leads to common phase for each neutrino. With some manipulation, we
can coerce H* into a form resembling the Hamiltonian for oscillation in vacuum. We define

Oy and AM;, such that

AM;, = AMQ\/sin2 20 + (cos20 — 48.)%, (1.108)
AM?

2
M

sin 26, (1.109)

sin 20, =
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then

AM;, [ —cos20) sin26y

7_[}7

(1.110)
4E sin260y; cos 20y,

Of course, when N, = o, Eq. (1.109) requires 8,; = 60, but as N, grows arbitrarily large,
sin28,; — o and cos 20,; — —1. Additionally, Eq. (1.109) indicates that the effective mixing
angle becomes maximal when §. = cos 26. In this way, interactions in matter can effect an
arbitrarily large transition probability even for an arbitrarily small vacuum mixing angle.
This resonant behavior was first described by S.R Mikheev and A.Yu. Smirnov[69]. For
this reason, the phenomenon is commonly referred to as the Mikheev-Smirnov-Wolfenstein
(MSW) effect. The vacuum oscillation probability is unchanged under 6 — Z —6 or AM* —
—AM?* (see Eq. (1.92)), but matter partially breaks the degeneracy. The MSW effect can
occur only if sgn cos 20 = sgn §.. sgn 8. depends on sgn AM* and the sign of the neutrino.
Hence, in comparing the matter oscillation probability for neutrinos and antineutrinos, one
can deduce the sign of AM? relative to cos 26. Naturally if the sign of one is known, the sign
of the other follows.

The phenomenology of neutrino oscillation in matter of constant density is straightfor-
ward; it becomes complicated in considering variable-density cases such as the propagation
of solar neutrinos. Eq. (1.110) suggests that the mass eigenstates become modified in matter.
Specifically,

[vM) cos 0y — sin Oy [Ve)

= . (1.111)
|vM) sin 6y cos Oy lvx)

Should the matter density be variable, these eigenstates will vary in space. Stephen Parke
investigated the case of neutrinos being created outside the MSW resonance region, passing
through it during propagation, and being detected in vacuum[7o0]. His result for the fully-

averaged v, survival probability is the so called Parke formula:

1 1
(Pese) = ; + (; — PX) cos 203, cos 20, (1.112)

where Py is the probability that the eigenstates [v") and [v¥) cross at the MSW resonance
and 0}, is the mixing angle at the initial matter density. The solar electron density is com-

monly modeled by the form N,(r) o e~"/R[71]. Under this assumption, the crossing prob-



1. THE LITTLE NEUTRAL ONE 36

rrry 1.00
o |4 0-99
1|4 o.90
. 0.80
1 o.70
: 0.60
1P o.50
4 [ 0.40
1M o030
H B 0.20
18 o0
Lol 1Ll 000
102

1078 F

10710 -

AM? JE (eV)
Probability

10—14 -

—16 |
10

1072 1 102 102 1 102
tan?6 tan26 tan? 6

(@) (Pe—.) in vacuum (b) P, & cos 26, (¢) (Pe_se) in matter

Figure 1.1: Influence of matter on v oscillation probability for case representative of the Sun. Probabilities
are presented as contour plots in (tan> 8, AM?>/E) parameter space. In the absence of matter, the
fully averaged v. appearance probability (a) is independent of energy or AM? and never falls below
0.5. Py (Eq. (1.113)) is plotted in (b) (shaded region) along with the isocontours of cos 05s (dotted
green lines) for values representative of the solar case taken from Ref. [71] updated with data from
Ref. [72]: R, = R /10.82 and N,(r = 0) = 103N, /cm3. The influence of matter is illustrated in
(c), where Eq. (1.112) is plotted. A region exists in which the probability to observe a v, falls below
0.5 and may even vanish.

ability for states created far outside the resonance region (| sin 203,| < 1) is[67]

11— exp (— 2R cos? 2)
Py = L exp(ﬂMgR") (1.113)

The oscillation probability in this case is compared to the vacuum oscillation probabil-
ity in Figure 1.1. In regions of parameter space where §; > max(V2R, sin® 20, cos 20) or
J. < cos 20, the averaged oscillation probability reverts to that in vacuum. A particularly
interesting case occurs when the neutrino is produced in an ultra-dense region (relative to
the resonant density) and proceeds to propagate adiabatically. Then Px < 1, cos 26}, ~ —1,
and

(Pe_ye) & sin® 6. (1.114)

This result is simply the probability that v, will be detected as v.. Such a result is to be
expected, since electron neutrinos produced in this region are nearly entirely composed of
the v eigenstate (per Eq. (1.111) & (1.109)) and emerge from the Sun in the corresponding

eigenstate of the vacuum Hamiltonian under the adiabatic condition.
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Figure 1.2: Solar neutrino flux. The fluxes are the prediction of the BSo5(OP) solar model. Fluxes due
to neutrino-producing reactions in the pp chain—pp: p+p — *H+e" + v, pep: p+e~ +p —
2H + ve, hep: p+e~ +p — *H + v¢, 7Be: 7Be + €~ — 7Li+ v, °B: 8B — 8Be* + e~ + ve—are
in black and those in the CNO cycle —50:50 — SN + et + v,3N: BN — BC +e™ + v, 7F:
7F — 70 + e' + v.—are in blue. From Ref. [72].

1.4.4 A History of Evidence for Oscillation

Thermonuclear reactions in the core of the Sun produce a prodigious number of electron
neutrinos. The predicted flux due to the various neutrino-producing reactions appears in
Figure 1.2. Seeing that neutrinos can escape the interior of the Sun relatively unscathed,
they serve as the most ideal probe of the thermonuclear reactions occurring in this otherwise
hidden region. The first experiment to suggest a hint of neutrino oscillation did not set out
in search of the phenomenon. Rather it was devised to test a model of the inner workings
of the Sun and confirm that the Sun’s power is indeed thermonuclear in origin.

In the late 1960s Ray Davis constructed an experiment to measure the solar neutrino
flux and compare the result to a prediction from John Bahcall[73]. The detector consisted of
a large volume of perchloroethylene (C,Cl,) housed deep underground at the Homestake

mine in South Dakota. Like Cowan and Reines, Davis detected neutrinos through inverse
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beta decay. In this case, neutrinos were captured on chlorine via ¥Cl + v, — ¥Ar+e™.
Because this interaction has a threshold of 814 keV, the Homestake detector was insensi-
tive to pp neutrinos. The ¥Ar was extracted intermittently and measured using a small
proportional counter. The amount of ¥Ar extracted is directly proportional to the electron
neutrino flux. Davis established a maximum limit on the capture rate that was roughly a sev-
enth of predictions[74]. Though the discrepancy was startlingly large, it was not in grave
conflict with the solar models given their uncertainties[75]. In subsequent running, how-
ever, Homestake continued to observe a capture rate that was a third of expectations, even
in comparison to refined solar models.[76]. And so the Homestake experiment marked
the inception of the solar neutrino problem. At the time, physicists were unwilling to ascribe
the solar neutrino problem to neutrino oscillation. Doing so would require a mixing angle
much larger than any measured in the quark sector as well as fine-tuning of the mass split-
ting. Given the complexity of solar models, it was considered more likely that they had failed
in some manner, e.g. a reduction in the core temperature of the Sun could have accounted
for the deficit[39]. Only when the MSW effect was introduced did neutrino oscillation
become a credible solution for the solar neutrino problem. Assuming a resonance occurs
in the Sun, solar neutrino oscillation corresponds to a squared-mass splitting in the range
of 107" eV?/c* to 1075 eV?/c*. This splitting separates the mass eigenstates conventionally
labeled as v, and v,, with v, being the more massive.

More evidence of aberrant neutrino behavior came yet again from accidental sources.
In the 1980s, large water Cerenkov detectors, so called because they imaged the Cerenkov
radiation emitted by charged particles in a volume of water, were constructed to search for
proton decay. Posing a substantial background to this search were neutrinos from the decay

of pions produced by cosmic ray interactions in the atmosphere:
= ptvy, = WV,
L, e VeV, L, € VeVy. (1.115)

The Kamiokande[77] and IMB[78] experiments both reported a deficit of of muon neu-
trino events in comparison to expectations. The IMB collaboration exercised restraint and
attributed the deficit to some unknown systematic error. Being more confident in the ca-

pabilities of their detector, the Kamiokande collaboration ventured to suggest neutrino os-
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cillation as an explanation for their results. This confidence was due in part to their ability
to measure the v, rate, which was found to be in agreement with expectations. Oscillation
at the atmospheric L/E corresponds to 103 eV?/ct < AM* < 1075 eV?/c*. This splitting
separates a third mass eigenstate, v, from the solar pair v, and v,. The substantially larger
implied squared-mass splitting compared to the solar splitting suggests that atmospheric
oscillation occurs in one-mass scale dominance limit. Kamiokande was able to address solar
neutrinos to boot. With a modification of their analysis, Kamiokande found they could de-
tect ®B neutrinos above 9.3 MeV via elastic scattering on electrons (ve~ — ve ™). The result-
ing measurement of the ®B rate was compatible with Homestake under a model-dependent
correction accounting for the additional flux to which Homestake was sensitive[79].

For decades, neutrinos had been produced terrestrially using accelerators. Slamming
accelerated protons into a target yields mesons that may decay at rest or decay in flight, pro-
ducing neutrinos in much the same way as cosmic rays in the atmosphere. While accelerator-
based oscillation searches date as early as 1976 with the Gargamelle experiment[8o], they
did not began in earnest until the mid 1980s with the high-energy — O(10 GeV) — scattering
experiments SKAT|[81, 82], CHARM]83, 84], CDHSW[85], and CCFR[86, 87], among
others. The short baseline and comparatively high neutrino energy characteristic of these
experiments left them sensitive to only AM* 2> O(1 eV?/c*). They did not observe any ev-
idence of oscillation, but they did collectively exclude large swaths of oscillation parameter
space at high AM>.

In the early 1990s, a new generation of solar neutrino detectors came online. The detec-
tors used in the GALLEX and SAGE experiments used gallium as a target. Since the thresh-
old for inverse beta decay on gallium is 233.2 keV, these experiments were the first to be
sensitive to pp neutrinos. The GALLEX collaboration presented a result that was consistent
with the deficit in the ®B and 7Be neutrino rates reported by Homestake and Kamiokande
assuming no deficit in the pp neutrino flux[88]. The first result from SAGE was alarmingly
low[89] —they had observed less than a third the rate GALLEX did. Later results brought
SAGE in line with GALLEX[9o0]. The immense body of solar neutrino data resolutely con-
firmed the solar neutrino problem.

As the evidence for anomalous behavior throughout the neutrino sector grew, so did

interest in oscillation. In 1992, Kamiokande published results interpreting the atmospheric
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Figure 1.3: Super-Kamiokande atmospheric neutrino zenith angle distributions, first results. Downward-
going events correspond to cos § = 1. The panel includes the distributions for electron-like events
(top) and muon-like events (bottom) split according to whether the event was less (left) or greater
(right) than 1.33 GeV in energy (left). The energy categories are further refined according to momen-
tum in the case of electron-like events and low-energy muon-like events and according to whether
the event was fully or partially contained in the detector in the case of high-energy muon-like events.
The hatched boxes indicates the expectation given no oscillations with statistical error and the solid
line is the best fit for v, — v, oscillation. The data demonstrate a marked deficit in upward-going
muons consistent with neutrino oscillation. From Ref. [92]. Copyright 1998 by the American Phys-
ical Society.

deficit in the context of two-neutrino oscillation[91]. The allowed region for v, — v, os-
cillation was excluded by the existing solar neutrino data. The v, — v, results were more
tantalizing. A portion of allowed region for this channel was not excluded by any prior
searches.

A short time after, in 1994, Kamiokande demonstrated what would become a hallmark
of atmospheric neutrino oscillation, namely the existence of an asymmetry in the rate of
upward-going muon neutrinos versus downward-going muon neutrinos[93]. Upward-
going neutrinos must pass through the Earth, and so are subject to matter effects and have
more time to oscillate than downward-going neutrinos. Unfortunately, the limited statis-
tics of the data left the result unconvincing. Super-Kamiokande (Super-K or SK), a new
detector fifteen times the size of Kamiokande, was commissioned to continue the search for

proton decay and bolster the investigation into the atmospheric anomaly. By 1998, Super-K
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had collected enough data to definitively establish that the behavior of atmospheric muon
neutrinos is fully consistent with v, — v oscillation[92]. They calculated the atmospheric

oscillation parameters to be

sin® 20, > 0.82,

5x 10 4eV?/ct < AMZ,, < 6 X 1073 eV?/ch.

atm

(90% CL) (1.116)

The likely maximal mixing angle is unusually large vis-d-vis the quark sector. The lack of par-
ticipation of electron neutrinos in atmospheric oscillation implies that they do not apprecia-
bly mix with v,. Accordingly; if neutrinos do oscillate, the v. undergoes quasi-two-neutrino
oscillation. Despite the success of the neutrino oscillation formalism in describing the atmo-
spheric data, it was not enough to confirm the existence of neutrino oscillation — one would
have to observe actual transition among neutrino flavors.

Concurrent with these developments, two, long-baseline, reactor-based experiments
sought to test the v, — v, oscillation hypothesis for atmospheric neutrinos. Nuclear
reactors produce electron antineutrinos with an energy profile similar to solar neutrinos.
In order to achieve sensitivity to the presumed atmospheric squared-mass splitting, the
Palo Verde and CHOOZ experiments stationed detectors at ~1 km from nuclear power
stations in Arizona and France, respectively. Neither experiment observed any indication
of V. disappearance[94, 95]. These results corroborated Super-K’s interpretation of the at-
mospheric neutrino data and further strengthened the suspicion that the electron neutrino
chiefly mixes with only two mass eigenstates.

Also around the same time, the accelerator-based LSND experiment unveiled a curious
result. They had observed the appearance of V. in a v, beam at high AM?. The experiment,
consisting of a liquid scintillator detector placed in stopped-pion neutrino beam had been
running through out the 1990s. Preliminary results were released in 1995[97] and final
results in 2001[96]. The L/E distribution of v, candidates, which appears in Figure 1.4, was
significantly greater than the expected background and exhibited a shape consistent with the
best-fit two-neutrino oscillation hypothesis. The data indicate a AM? in the interval of 0.2-
10 eV?*/c*. Such a splitting is incompatible with the well-established solar and atmospheric
splittings. Consequently, LSND implies the existence of a fourth neutrino.

The Sudbury Neutrino Observatory (SNO) is a heavy-water (D,0) Cerenkov detector
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Figure 1.4: L/E distribution of V. candidates at LSND Data with errors are presented as points. The
expected beam-induced background, expected beam-intrinsic V. background, and best-fit oscillation
solution are represented by red, green, and blue hatched histograms, respectively. From Ref. [96].
Copyright 2001 by the American Physical Society:

built to observe solar neutrinos. In addition to the elastic scattering (ES) channel, a flavor-

sensitive, charged current (CC), hadronic channel,
veD — ppe™, (1.117)
and a flavor-insensitive, neutral current (NC), hadronic channel,
vD — pnv, (1.118)

are available to SNO for the detection of solar neutrinos. Like the elastic scattering channel,
these hadronic channels are sensitive to only the ®B neutrinos. The NC channel, being open
to all weakly-interacting neutrinos, provides a means to measure the flux of all flavors of
solar neutrinos and the CC channel a means to measure the flux of electron neutrinos. The
ES channel offers a redundancy in that it is a combination of NC and CC channels. The
first results from SNOJ[ 98] confirmed the existence of flavor oscillation: the NC, CC, and

ES fluxes were all consistent with the same best values for the v. and v, + v; fluxes (see
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Figure 1.5: SNO solar neutrino fluxes by channel, first results. Fluxes from each channel are plotted as
a function of vy, + v« flux vs. v flux. They intersect at the likely value of ¢, and ¢, 4 ¢ indicated
by the dot. 68%, 95% and 99% confidence levels of this measurement are represented by the dashed
ellipses. The straight dashed lines represent 10 deviations from the prediction of the total neutrino
flux from the standard solar model BPBo1. From Ref. [98]. Copyright 2002 by the American Physical
Society.

Figure 1.5), the difference between the NC and CC fluxes exceeded 50, the ES flux agreed
with the Super-K measurement, and the NC flux agreed with the standard solar model.
SNO discovered the signature of neutrino oscillation —flavor transition —and Super-K
revealed the mechanics of oscillation in the zenith angle distribution of atmospheric neutri-
nos. Together they solved the solar neutrino problem and atmospheric neutrino anomaly
and proved the existence of neutrino oscillation, hence the existence of neutrino mass. At

this point, a reasonably clear picture of neutrino oscillation existed:

- There are two, well-defined squared-mass splittings: AM:,; = AmZ, and AM; =
Am3, + O (Am3,).

- The atmospheric splitting is considerably larger the solar splitting, leading to quasi-

two-neutrino oscillation at that splitting.

- The electron neutrino is largely composed of only two mass eigenstates; hence, elec-
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Squared-Mass Splittings

Am?, = 7.59791 x 1075 eV?/c*[99] ‘Am;

PMNS Matrix Mixing Angles

= (2.43 £ 0.13) X 1073 eV?*/c*[100]

sin®26,;, < 0.16[101] sin*26,; > 0.92[102] tan*6,, = 0.47. ¢ [99]

PMNS Matrix Phases

0, a,, «, are presently undetermined

Table 1.4: Best measurements of PMINS parameters and neutrino squared-mass differences. All lim-
its are at 90% CL. The limit on 6,; is evaluated at the 10-low value of the best value of Am3,
(2.3 x 1073 eV?/c*). The limit on 6,, is valid for all values of Am?Z,.

tron neutrinos participate in quasi-two-neutrino oscillation in general.

Less certain was the validity of the LSND oscillation region. Continuing efforts would refine

this picture.

1.4.5 State of the Art

The best measurements of the PMNS parameters and the neutrinos squared-mass differ-
ences are summarized in Table 1.4. The allowed regions and exclusion limits in oscillation
parameter space reported by a number of oscillation experiments are compared in Figure 1.8.

The connection between the measurements of two-neutrino oscillation experiments and
the individual parameters of the PMNS matrix is not immediately obvious. It is a matter of
fortune that the various classes of two-neutrino oscillation, e.g. atmospheric or solar, can be
straightforwardly connected to individual mixing angles in the PMNS matrix. The sectors
of the PMNS matrix are typically designated according to these classes of experiments to

which they are historically linked.

Reactor Sector: 0,,

Long-baseline reactor experiments are sensitive to V. — Vx oscillation at the atmospheric
squared-mass splitting. This case occurs in the one-mass-scale dominance limit. Using

Eq. (1.100) and Eq. (1.72), we see that the measured two-neutrino mixing angle can be
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related to the angle 0,; according to:
sin® 20, ~ 4 (1 — |Ug|*) |Us|* = 4 (1 — &},) 5}, = sin® 20,5, (1.119)

where we have continued to use the short hand s; = sin6;; and ¢;; = cos 0;;. Presently,
no experiment has observed a positive signal, indicating that 6,; is small. The best upper
limit comes from the CHOOZ experiment[101]. The limit depends on the assumed value
of Am3,. At the 10 lower bound of the MINOS measurement[100] (discussed later), the
CHOOZ limit is

sin20,; <016 @ Am, =23x10%eV*/c* (90% CL). (1.120)

The limit worsens for larger values of AmZ, and improves for smaller values.

Atmospheric Sector: 6,;, Am3,

As we have already discussed the oscillation of atmospheric v, into v; also occurs in the

one-mass-scale dominance limit, hence

sin® 20, ~ 4 (1 — ‘UM{Z) !UM}Z =4 (1 —c.c ) e =sin’20,, + O (sin” 0,;) . (1.121)

23713 ) Y23%13

The current precision of experiment allows us to ignore the O (sin® 0,;) term. All indi-
cations are that that sin®20,, is maximal. The best lower limit comes from the Super-K
experiment[102]:

sin®20,, > 0.92  (90% CL). (1.122)

This limit is the lowest allowed value of sin* 20,; for any value of Am3,. The MINOS ex-
periment searches for v, disappearance in an accelerator-produced, decay-in-flight neutrino

beam. The MINOS result[100],

‘Am;‘ = (2.43 £ 0.13) X 10 3 eV?/ct, (1.123)

is the best measurement of Am, published thus far. The sign of Amj, is still unknown.
Additionally, the Super-K and MINOS data continue to favor neutrino oscillation as the
explanation for disappearance[100, 103]. In both experiments, the surviving fraction mea-
sured as a function of E or L/E is better described by neutrino oscillation than alternative

theories (see Figure 1.6).
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Figure 1.6: Neutrino oscillation signature from multiple neutrino sources. The panel includes the ratio
of the measured neutrino flux to the expected flux as a function of L/E or E as measured by mul-
tiple experiments from various neutrino sources. (a) The Super-K result for atmospheric neutrinos
comparing data (black points, statistical errors) to the best-fit oscillation solution (solid black line).
The data are also compared to best-fit solutions for neutrino decoherence (dotted red line) and de-
cay (dashed blue line). (b) The MINOS result for an accelerator-based v, beam at the atmospheric
splitting comparing data (black points, statistical errors) to the best-fit oscillation solution (solid
black line). Again, the data are also compared to neutrino decoherence (dotted gray line) and decay
(solid gray line). The data in each case favor the oscillation hypothesis. (c) The KamLAND result for
reactor neutrinos at the solar splitting comparing data (black points, statistical errors) to the best-fit
oscillation solution (light-blue lines). In this case, the oscillatory behavior is obvious; nearly one and
half periods are captured. From Refs. [103], [100] & [104]. Copyright 2004 & 2008 by the American
Physical Society.

Solar Sector: 6,,, Am2,

The small value of 0,; indicates that electron neutrinos participate in two-neutrino oscilla-

tion. By appeal to Eq. (1.96),

sin® 20501 = 4 |Ua|” |Ue|” = 465,8%,¢5 = sin®20,, + O (sin* 6,;) . (1.124)
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When taken individually, the solar neutrino data allow a large region in (tan* 6, AM?) pa-
rameter space (see Figure 1.8). Analyzed globally, however, the data isolate a region in what
is known as the Large Mixing Angle-MSW (LMA-MSW) solution. This solution is charac-
terized by adiabatic propagation and diagonal initial mixing as described in §1.4.3, so the
tully averaged oscillation probability is related to the mixing angle by Eq. (1.114). The latest
SNO data[99], in particular, have had a significant impact in disambiguating the solution.
A very-long baseline reactor based experiment—KamLAND —has also contributed to the

increasing precision to which the solar parameters are known. The KamLAND experiment
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searched for disappearance in the v, flux generated by 53 nuclear power stations in Japan at
the solar squared-mass splitting using a liquid scintillator detector. The KamLAND allowed
region covers a very narrow swath of parameter space[104]. In furtherance of the neutrino
oscillation hypothesis, oscillatory behavior is a salient feature of the KamLAND result (see
Figure 1.6¢). Altogether, the solar and KamLAND data reveal that

sin?20, = 0.87 £ 0.03, Am? = 759722 x 1075 eV?/c*[99]. (1.125)

The sign of Am?, is defined by convention. Under this convention, the MSW effect has
allowed the determination that 0,, is less than 7/4. Stated differently, v, accounts for a
greater fraction of v, than v,. The solar sector is the only sector for which this ambiguity,
either in mass splitting or mixing angle, has been resolved. Itis also the only sector for which

a value of the mixing angle, as opposed to a limit, is known.

LSND Anomaly

The MiniBooNE experiment, of which this dissertation is a product, was envisioned as a test
of the LSND result. MiniBooNE operates a mineral oil Cerenkov detector in an accelerator-
produced, sign-selectable, v, beam. In contrast with the LSND experiment, MiniBooNE
employs a decay-in-flight beam with an energy approximately an order of magnitude higher.
The detector is positioned at a correspondingly larger baseline to maintain sensitivity to the
LSND AM?*. Neutrinos are detected via the charged current quasi-elastic (CCQE) channel,

which includes the interactions

Ve KT VP TR, . (1.126)
vel > e p, Vep — etn;
The last interaction should be familiar: it is the inverse beta decay reaction. The v, data
collected by MiniBooNE have excluded the the entire LSND allowed region under the two-
neutrino mixing hypothesis[105]. The neutrino result was presented with the caveat of yet
another anomaly. Below the analysis domain of E, < 475 MeV, a significant excess of v,
candidates was observed. This anomaly remains unexplained. Being statistically limited,

the first published v, data are inconclusive, i.e. they are consistent with both the LSND

signal and no oscillation signal[106]. The v. candidate distribution and excluded region
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Figure 1.7: MiniBooNE oscillation results. The panel includes the results of the MiniBooNE v, — v,
(top) and v, — V. (bottom) searches. The reconstructed energy distribution of (a) v. and (c) Ve
CCQE candidates compares the data (black points, statistical errors) to the expected backgrounds
with total systematic error (black bars). There is no significant excess of events in the primary anal-
ysis domain of E, > 475 MeV, but an excess does appear at low energy in neutrino mode. The
corresponding limits in parameter space (right) appear in comparison to the LSND allowed region
(blue shaded area) and the regions excluded by the KARMEN](108] and Bugey experiments[109].
The antineutrino mode limit (d) appears for both the primary analysis including E, > 475 MeV and
an analysis extending into the low energy region. From Refs. [105] & [106]. Copyright 2007 & 2009
by the American Physical Society.

in parameter space for both neutrinos an antineutrinos appears in Figure 1.7 However, the

most recent antineutrino results seem to indicate a preference for the LSND result[107].

1.4.6  Future Efforts & NC11t° Production

Our knowledge of neutrino parameters is hardly complete. While the absolute neutrino
mass scale and Majorana phases cannot be addressed by oscillation experiments, the mixing

angles, CP-violating phase §, and squared-mass differences can. Among the mixing angles,
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Figure 1.8: Oscillation parameter landscape. This broad survey of neutrino oscillation searches ad-
dresses the array of neutrino sources, including atmospheric, solar, reactor, and accelerator-produced
neutrinos. Allowed regions are filled and excluded regions are indicated by outline. To accommodate
experiments sensitive to whether the mixing angle is larger than or less than 77/4, tan® 8 is plotted
on the horizontal axis in lieu of sin® 26. The asymmetry about tan* 8 = 1 of the allowed regions re-
ported by solar neutrino experiments is a manifestation of the MSW effect breaking the 6 — 7/2—0

symmetry in vacuum. From Ref. [36].
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we have yet to determine if 0, is nonvanishing and whether sin® 260,; is maximal. We have
yet to glean any information regarding §. Although the magnitudes of the two independent
squared-mass differences are known, the sign of only one is known!?!. The scheme in which
AmZ, > o is known as the normal hierarchy since it mirrors the trend among the the quarks
and charged leptons. The other case is known as the inverted hierarchy.

A new generation of reactor-based experiments with greater sensitivity will continue to
push the limit on 60,;. An emergent class of long-baseline (LBL) accelerator-based experi-
ments, including the T2K[110] and NOvA[111] experiments, will attempt a broader physics
plan. Using off-axis v, /v, beams with narrow energy profiles and what amounts to brute
force, they intend to observe three-neutrino oscillation at the atmospheric squared-mass
difference, specifically at L ~ 10*> — 10° km and E ~ 1 GeV. A measurement of v, appear-
ance provides access to 8,;. A comparison of that measurement to one of v. appearance can
shed light on §. Because of matter effects, the same comparison is also sensitive to the orien-
tation of the mass hierarchy. Finally, a measurement of v,, disappearance can further refine
our knowledge of 0,,.

The search for v, appearance at the next generation of LBL experiments will be a difficult

2

one. Assuming 0,; is maximal and L/E is tuned to AmZ,,

P, .. = 1/2sin”20,, to leading
order, meaning that experiments will have to identify candidates that comprise only several
percent of the total flux. CP violation and matter effects enter at sub-leading order and
require even greater precision to resolve. To achieve this precision, any prediction of the
expected background must be precise to similar level.

Backgrounds can arise from beam-intrinsic v. —v. generated as a byproduct of the v,
production processes — or from interactions in the detector mimicking the candidate signa-
ture. To understand the latter, it helps to understand how v, are detected. Many accelerator-
based v, appearance searches distinguish candidates via the CCQE channel. Above a criti-
cal energy, E., bremsstrahlung is the principal mechanism for energy loss of the outgoing

electron in the detector medium. Photons produced from bremsstrahlung undergo pair pro-

duction and the product electron and positron undergo further bremsstrahlung in turn. The

*It is true that sgn Am2, is known only because it is defined as such. It is simply conventional to say
that sgn Am?2,, rather than sgn(60,, — 7/4), has been determined. As justification, we could have alternatively
defined the mass eigenstates by requiring 8,, < /4 and left sgn Am?, unconstrained, in which case the MSW

effect would have determined it.
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H,O CH, Fe

Critical Energy (MeV)  78.72  101.66  21.68
Radiation Length (m) 0.3608 0.4867 0.01757

Table 1.5: Critical energy and radiation length for common detector media. The radiation length, X,, is the
characteristic length of energy loss in a medium. The characteristic length of a shower induced by an
electron of energy E is related to the radiation length and critical energy by X = X, log(E/E,) / log 2.
The T2K and K2K experiments employ the same water-Cerenkov detector. The NOvA detector uses
scintillator-doped water as a target, the MiniBooNE detector mineral oil (approximated as CH,),
and the MINOS detector steel.

collective result is a cascade of electromagnetic particles known as an electromagnetic shower.
The critical energy for common detector media is given in Table 1.5. As a rule of thumb,
E, ~ 550 MeV/Z, where Z is the atomic number of the medium. For anything but the light-
est nuclei, the electron produced by a CCQE interaction in a O(1 GeV) beam will induce a
shower. This single shower is the signature sought after in v. searches. Accordingly, any
scenario in which a single electromagnetic shower is produced may pose a background to
the v. search.

As the name suggests, neutral current single pion (NC 11°) production encompasses the
production of a 7° as the result of a neutrino-nucleus interaction mediated by the neutral
current:

vA — vri°X. (1.127)

The particular mechanics of this interaction will be discussed in detail in Chapter 2; the 7°
and its subsequent decay is of interest here. The outgoing 7° decays nearly instantaneously
(7 = 8.4(6) x 1077 s) and nearly always into two photons (I' = 0.98823(34))[36]. Ordi-
narily, both photons will pair produce and induce electromagnetic showers. Unfortunately,

there are instances in which only one shower will be detected, namely those in which:
- One photon escapes the detector before pair producing
- One photon has insufficient energy to be detected
- The angle between the two photons is beyond the resolution of the detectors

+ One photon is lost to or otherwise rendered undetectable by a photonuclear interac-

tion (yA — hadrons + ys)
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(a) ve CCQE interaction (b) Misidentified NC 17° interaction

Figure 1.9: Misidentified 1° in the MiniBooNE detector. Illustrated here is the Monte Carlo simulation
of the detector readout for (a) a v. CCQE interaction and (b) an NC 1n° interaction that has been
identified as v. CCQE. The MiniBooNE detector consists of an array of photomultiplier tubes (PMT3)
mounted on the interior surface of a spherical tank. The Cerenkov light emitted by an electromagnetic
shower appears as a diffuse ring. The detector is discussed in greater detail in Chapter 3. Each figure
includes the forward hemisphere of the MiniBooNE detector; the central meridian represents the
beam direction. Each PMT hit is depicted by a disk, the size and color of which represents the charge
and time of the hit, respectively. In the case of the NC 11° event, only one ring is readily identifiable,
hence the mistaken identity.

A glance at Figure 1.7 reveals that misidentified n° comprise the largest source of background
behind intrinsic v, at MiniBooNE. Figure 1.9 compares an example of a misidentified n°
in the MiniBooNE detector to a v. CCQE event; the difficulty in distinguishing between
the two is evident. The NC 1m° background proves to be just as tenacious in the v, ap-
pearance searches at K2K[112] and MINOS[113] and is expected to be dominant among
beam-induced backgrounds at T2K[114] and NOvA[111]. A precise determination of the
n° background will be key to the success of future efforts seeking to observe what is becom-

ing increasingly elusive.

Cl



2 Neutrino-Induced n® Production by the

Neutral Current

T MiniBooNE, like many other experiments, we are concerned with neutrino cross sec-
Ations on nuclei. Neutrino induced NC 1m° production on nuclei is categorized as inco-
herent or coherent based on the final state of the target nucleus. If the interaction leaves the
nucleus in the ground state, it is classified as coherent, otherwise it is incoherent. Incoher-
ent production is largely accounted for by resonant interactions. In such interactions, the
neutrino excites a nucleon to a baryonic resonance via the neutral current and the resonance
decays via emission of a pion. The coherent case cannot be described in as straightforward
a manner. As the name suggests, coherent production involves the coherent interaction of
the neutrino with the entire nucleus. In effect, the neutrino interacts with the nucleus as a
single entity. Since the nucleus is left in the ground state, by definition, this mode of pro-
duction must necessarily occur at low momentum transfer. These two modes of production
are illustrated schematically in Figure 2.1. In this chapter, we will examine the models of
these modes pion production, briefly introduce final state interactions, and conclude with a

summary of the existing neutral current 7° production measurements.

2.1 Incoherent Production

Rein and Sehgal (R-S) devised a unified model of neutrino-induced pion production[115]

that remains in use today. While they constructed the kinematic framework for the exci-

53
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(a) Incoherent (b) Coherent

Figure 2.1: Modes of NC 11° production on nuclei. Schematic illustrations of (a) incoherent and (b)
coherent NC 1m° production processes.

tation, interference, and subsequent decay of several resonances, they appealed to the rel-
ativistic quark model of Feynman, Kipslinger, and Ravndal —the FKR model —to calculate
the amplitudes for the excitation of the various resonances. The R-S model accounts for all
resonances with mass below 2 GeV/¢?, eighteen in all. Both charged current and neutral
current processes are described by the model, but we will focus on NC 11° production in

particular.

2.1.1  Production of a Single Resonance

We begin by investigating the amplitude for the production of a single baryonic resonance;
the decay and interference among resonances will come later. The amplitude can be written

as the contraction of hadronic and leptonic currents:

M = =i (v] 55 71 1) (iBr) (NT| i i IN) (2.1)

4cos 0y 2cos 0,

where j, is the leptonic current, j, the hadronic current, and A the Feynman propagator the
Z°. We have employed the conventional normalization for the charged lepton coupling. We
will denote the momentum of the incoming neutrino and nucleon, the outgoing neutrino
and resonance, and the intermediate boson by p and k, p’ and k', and g(= p—p'), respectively.
We will denote the energies of the initial and final neutrino as E and E’, respectively. We can

orient the lab frame such that p is aligned along the z-axis. We will assume the nucleon is
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initially at rest and treat the neutrinos as massless. The leptonic current matrix element is

simple to evaluate using the rules in Table 1.2:

———u(p')y" (1 = y)ulp). (2.2)

Here u and u are Dirac spinors representing the incoming and outgoing neutrinos, respec-

< |4c059ur]L| > 4COSQ

tively. In the unitary gauge, the Z° propagator is

5 —1 9.9y
ARy, = (]2——2 (gw — M2 > . (2.3)

mz + 1€ my

We are interested in the regime where g*> < m7,. In this limit, the propagator reduces to a

5 i q
1AFyv = m—zzg/w + O(m_é) . (24)
For the moment, we express the hadronic current as a dimensionless form factor by factoring

constant:

out the invariant mass of the resonance, W:
Jly = 2WF". (25)
Upon all substitutions, the amplitude becomes
S )y = yIup) (N F,IN). (26)

We have eliminated g in favor of the Fermi constant, Gp.

M:

We could square the amplitude and write out the cross section now; the resulting lep-
tonic tensor is simple to evaluate and the hadronic tensor can be expressed as a collection
of structure functions. Instead, we will write the cross section as a collection of structure
functions associated with each polarization state of the intermediate boson. We begin by
evaluating the leptonic current matrix element. Itis easiest to begin in the lepton Breit frame
(Frp) where the leptons are antialigned and the momentum transfer is maximally spacelike.

This frame and others that will be used in the calculation are depicted in Figure 2.2. In F,

p|FLB - i\/ Q2(17 0,0, 1)7 pllFLB = i\/ Q2(1707 O, _1)7 (2-7)
where @ = —q*. In general, u(p) = (\/p*0.&, \/p¥0,é)T, where o = (1,0), 0" =

(1, —0), and ¢ is a two-component spinor. Because they are left-handed, we have £ = ( f)

for the incoming neutrino and & = (4 ) for the outgoing neutrino. Hence

u(p)h:LB - (\/@)i (071’ 0, O>T’ u(p )|FLB = (\/_) (1 0,0 0) (28)
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Resonance Rest Frame Lab(g) Frame Nucleon Breit Frame Lepton Breit Frame
, , x boost k
P z boost z boost P
K g - < K f
ST R < T < P>
k k
p p
p

q

Lab Frame

Figure 2.2: Reference frames used in calculating the leptonic current matrix element. The transformation
between each frame is indicated in red. The lepton momenta are presented in red, the nucleon mo-
menta in blue. Intial momenta are light and final momenta are dark. The momenta labels correspond
to the notation discussed in the text.

and
ﬁ(p/)yﬂ(l o ys)u(p)‘FLB =2y Q2(0> -1 L O)T' (29)
This matrix element can be identified with the polarization vector of the Z° and so it makes

sense to decompose it in that basis. We choose a basis with left and right circular and scalar

polarizations:

erlr = 25(0.1,—i,0)", eplr, = —=(0,1,i,0)", eslr, = (1,0,0,0)". (2.10)

Then
ijt(p/)y”(l - ys)”(p>|FLB = 2y 2Q28€|FLB' (2'11)

In order connect the matrix element to quantities in the lab frame, we first transform to
the lab frame where q is oriented along the positive z-axis, F(,). To get to F(,) from Fy3,
we apply a boost of rapidity &, A,(§), in the x-direction (reaching the nucleon Breit frame
in the process) and then a boost of rapidity ¢, A,(¢), in the z-direction. We can determine

¢ and ¢ by comparing transformed energies to lab frame energies (we will drop the frame
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subscripts from lab quantities).

(A=(@)Ax(8)Q)° 5y = 4°lr,, = 4° = /@ sinhp = v; (2.12)
(AP)ALERY I = 1l =" = -/ @lcosh Ecosh g+ sinhg) =E. (213)

Here, v = E — E'. Together, Eqgs. (2.12) & (2.13) imply that

E +E
4|

sinh ¢ = L cosh& = , (2.14)

viou
where ¢ is the three-momentum of the intermediate boson in the lab frame. Since q is still

aligned along the z-axis in F; (), the transverse polarization states remain unchanged from

F.5; however, the longitudinal vector is now given by

a1
eslr) = N

Then the matrix element in Fy ) is

(4], 0,0,v)" = (cosh ¢, 0, 0,sinh ¢)". (2.15)

a(p' )yt (1 — y*)ulp)le,,, =2/ Q(cosh ¢ sinh §, cosh &, i, sinh & sinh 0)!

Q2
= —2v/2E P <u5f|FL@ — veglr,, + \/2uve§|FL(q>) , (2.16)

where we have introduced

u= EtE+la Jj;;— |t1|7 V= EXE —lal ]j;i_ |q| (2.17)

The R-S model makes use of the Feynman-Kislinger-Ravndal (FKR) relativistic quark
model[116] to calculate the hadronic matrix elements. This model requires we work in the
resonance rest frame, Fpr. Frg is reached via a boost in the z-direction, after which the form

Eq. (2.16) is still valid, but the polarization states are evaluated in the new frame. In this

Ve = ((W - ) iy — ) il = ™, (218)
w my w

where my is the mass of the initial nucleon; hence,

T

I i 1 my %%

SS’FRR_ﬁW 9, 0,0, m_2_1 mNy—v| . (2.19)
N

frame,
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The transverse states continue to be unaffected. Now we can decompose the hadronic form

factor in the polarization state basis:

%(Fx\m — iy le), (2.20)

= ehF, = — (F lre + 1Fy|Ere) s (2.21)

= —1 / = Ft|FRR ‘:%F |FRR7 (2.22)
RR

and since the momentum transfer lies on the z-axis in Frg, we can write the helicity ampli-

F_ = efF# =

tudes for resonance production in terms of these operators:

fjt|2jz| = (N,j, £1|FL |N",j,), fir = <N, ii’ F, ’N*,j:§> . (2.23)

These amplitudes can be calculated in the framework provided by the FKR model[116].
Rein and Sehgal have done so for all salient resonances with mass below 2 GeV/c* and have

tabulated their results in Ref. [115]. The amplitude in Eq. (2.6) can now be written as

M = — 4WGLE ( < (N*|uF_ — vF, |N) + m—V; (N*| v/2uvF, ]N)) (2.24)

q/?

= — 4WGEE <\/i (“f+|2]| vf |, |> + WN\/ﬁﬁﬂ[> (2.25)

We introduce a function p(W) to modify the invariant mass phase space in the appropriate
way:
(W —M) negligble width resonance
p(W) = 1 - T . (2.26)
o W8T, finite width resonance

Then the differential cross section is related to the amplitude in the usual way, giving

do o do 1
igaw ~ EF doaw ~ eammit W

Z IM(VN — vN*)|*. (2.27)
spin
Because the helicity amplitudes comprising the total amplitude do not interfere, the cross

section separates into three partial cross section:

do Cr & KK(uo + v*ogr + 2uv0s) , (2.28)
dQ2dW 47 |q|> mx L R S )
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where

nW 1 my |q)>n W 1
oe= "W oW S f s og= MW gt e,
T T LD DN SOE - ST /e DTSR
k=1,3 k=o+t

_ WPem}y s : :
and ¥ = = and is introduced by convention. The form of Eq. (2.28) applies generally
to neutral current, inelastic neutrino scattering. In the case of antineutrino scattering, the
left and right partial cross sections switch roles, i.e.

do G QW

= —x (u*o o os) . .
IQRAW ~ 4t IqP mNK (u*op + vV’oy + 2uvos) (2.30)

2.1.2  Pion Production from Several Resonances

With the cross section for the production of a single resonance and a knowledge of how it was
constructed in hand, we can now move on to calculating the cross section for n° production
via the production and decay of several resonances.

For a given resonance, N’;, we introduce a decay amplitude,
n(N) — Nn) = " (W) = sgn(N,)v Tonthw (W), (2.31)

that consists of three factors. The first is the sign of the resonance. It must be determined
independently since the decay and production amplitudes did not stem from the same cal-
culation. The second factor, v/I';x;, is the square root of the branching fraction for the decay

into a N final state. The final factor is a Breit-Wigner factor:

L, 1
21N, W — M, +i/2T,’

Myw (W) = (2.32)

where the width of the resonance varies with W and the orbital angular momentum, L,

according to

W 2L+1
r,=T° (;”(<M ))) , (2:33)
Vi1 Y
1
qﬂ(W) = "LTHCM(NT[) = ﬁ\/(VVZ — my — m;)z — 4myms, (2.34)

. . . [e'e) y o
and N, is a correction enforcing mein Npw (W) dW = 1.
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Appending 7" (W) to the previously discussed production amplitude of a resonance, f;,
gives us the reduced amplitude for the production of a single resonance and its decay into a

N final state:

a(Ny) = fi' 1. (2.35)
Finally, the reduced amplitude for the production of a particular final state, Ay, is constructed
by adding the a; for the applicable resonances. The contribution of each resonance is scaled

by the Clebsch-Gordan coefficient consistent with isospin of the final state. The decompo-

sition of the two final states of interest, pn® and nn®, in the total isospin basis is

pn°—>‘11>|10): —\/E’11
nn’ —>‘——— l10) = \/7‘——— \/7‘——— (2.36)

Conventionally, isospin 1/2 resonances are labeled as N* and isospin 3/2 as A. Then A, for

the final states of interest is

«(pmt°) \[ > a(at) - \[ > a(N) (2:37)

all At all N*+

Ay(nr®) = \[ 3 a2 \[ J(N) (2.38)
3 all A° all N*°

Resonances are further specified using a partial wave notation L,p,;, where L is the orbital
occupied by the N7 system, I its isospin, and J its spin. For example, the A(1232)P;, reso-
nance occupies the P orbital (L = 1) and has isopin 3/2, spin 3/2, and a mass of 1232 MeV/c>.
The R-S model accounts for all resonances below 2 GeV/c*; they appear in Table 2.1. As an

exercise, we can write out the squared magnitude of A;(pn®) using this notation as

[A(pn®)|* = ‘\/jzak(szﬁ) - \/izak( +JZI:3 \/>Zﬂk (P}) - \/72%
+2.

3 35\[Zakp+ \[Zak
DI SN Sl

J=57

(2:39)
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Resonance T, (MeV/¢?) N Resonance I, (MeV/¢*) Ty
A(1232) Py, 120 0.9944 A(1700) D, 300 0.15
N(1440) P, 350 0.65 N(1700) D, 100 0.1
N(1520) Dy, 120 0.55 N(1710) P, 100 0.1§
N(1535) S 150 0.475 N(1720) P, 150 0.15
A(1600) P, 350 0.175 A(1905) Fi 350 0.1
A(1620) S, 140 0.25 A(1910) Py, 300 0.225
N(1650) S, 150 0.7 A(1920) P, 250 0.2
N(1675) D 150 0.45 A(1950) F,, 240 0.4
N(1680) Fi 130 0.65 N(1970) F,, 325 0.05

Table 2.1: Nucleonic resonances with mass below 2 GeV/c*. The resonance symbol indicating the mass
of the resonance in MeV/c?, the Breit-Wigner width, Iy, and the N branching ratio, I'rn are tabu-
lated. The listing reflects the parameters used in implementation of the R-S model in the MiniBooNE
version of the nuance neutrino event generator. It includes the resonances addressed by Ref. [115]
with parameters updated from the 2004 Particle Data Group Review of Particle Physics[117].

Here the inner sums indicate summation over all partial wave resonances corresponding to
the symbol. We have also simplified the expression by exploiting the fact that only reso-
nances with the same orbital angular momentum and spin can interfere.

The cross section follows immediately: Eqs. (2.28) & (2.30) remain valid, but the ap-

propriate Ay replaces f, and the Breit-Wigner factor in the partial cross sections defined in

Eq. (2.29):
o n Wi o 12
0r/rR(VN — YN1°) = pra— Z |A_ /11 (T°N) [, (2.40)
k=1,3
my |q)>m W1 R
0s(VN — yNn°) = 2 — — Z | Ap(T°N)|>. (2.41)
w? K2 S~

2.1.3  Dynamics of Production

Rein & Sehgal rely on the FKR relativistic quark model to provide the dynamics of resonance
production in their model. The FKR model treats a baryon as a three-element harmonic

oscillator, hence the Hamiltonian

2

Q
H = 3 (p; —f-pi +p§) + 3_6 ((uq — “b)2 + (ub — uc)2 + (uc — uu)z) —+ const, (2.42)

where p, is the four-momentum of quark i and u; the conjugate position. ) is a free param-

eter that must be determined by experiment. One can then construct the current operators
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F, , of Egs. (2.20)—(2.22) from isospin, spin, and the oscillator ladder operators and the set

of coeflicients:
\%4 It Q‘WlN Q A (2
3W\/>G T = 3Z W (W + my)? +Q2G (@),
v ~mn (WHmaW A Zf( wmQW > A/ s
R" = 2W(W+mN) +QzG (@), R = W+ my + (Wt m): + @ G*(QY),

_ Q3Wmn —Q —my \/>< Wz_’”fq“ﬁ) >
$= lq]? 6mi GH(Q), 3W W+ my)>+ Q@ (@),

(1w aa 0o )
6mNQ (W+ mN)2 + Q@

x GH(Q). (2.43)

2 MmN
A== C=
awe

In these coeffecients, n is the number of oscillator quanta excited and Z is a normaliza-
tion factor included to correct the SU(6)-predicted value of the axial-vector form factor at
Q* = o to the experimentally observed value. The transition form factors consist of an ad
hoc resonance-dependent factor that compensates for unphysical features and a dipole form

factor with an empirically determined mass parameter:

s —N s —2
G = (1 + Q2 ) (1 + ? ) : (2.44)
4my My A

It follows that the helicity amplitudes defined in Eq. (2.23) can be expressed as a linear com-
bination of the coefficients in Eq. (2.43). The helicity amplitudes for the resonances ap-
pearing in Table 2.1 have been tabulated in Ref. [115]. As an illustration, we list the helicity

amplitudes for the prominent A(1232) resonance here:

f+3 -6 (RV+ RA — 25in? GWRA) . fi= —24/2C, (2-45)
fo=V2(R"+R* —2sin*0yRY),  f, =—v2(RV—R*—2sin’ OyR"), (2.46)
for = —24/2C ffS, =-v6 (RV — R — 25in? GWRA) . (2.47)

They are the same for both proton and neutron targets.

2.1.4 Nonresonant Background

Resonance production does not account for all incoherent single pion production in the res-

onance region (W < 2 GeV). To duplicate observations, Rein and Sehgal incorporated a
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Figure 2.3: Incoherent NC 11° production cross sections predicted by R-S model as a function of neutrino
energy. The total incoherent (thick line), resonant (solid line), and nonresonant (dotted line) total
cross sections as a function of incident neutrino energy are presented for neutrinos (blue line) and
antineutrinos (green line) for both (a) free proton and (b) free neutron targets.

background ansatz consisting of a resonance amplitude of P,, nature with the decay am-
plitude replaced by a constant; the background cross section is added incoherently to the
resonance cross section. By extracting and comparing the I = ! and I = 2 resonance am-
plitudes in low-energy, charged current, single pion production data, they determined the
scale constant to be close to unity. With this last ingredient, the model is complete and we
can calculate cross sections. The predictions of the R-S model as implemented in the version
of the nuance neutrino event generator used by MiniBooNE (discussed in §4.2) appear in
Figures 2.3, 2.4 & 2.5. The contribution of the nonresonant background to the total cross

section is small in the few-GeV region.

2.2 Coherent Production

Rein & Sehgal described a model for coherent pion production relying on the partially con-
served axial current (PCAC) hypothesis[118]. Coherent production necessarily occurs in the
limit Q> — o. Adler’s theorem[119] conjectures that the neutrino cross section at Q> = o
depends only on the divergences of the axial and vector currents. Furthermore, the con-
served vector current (CVC) hypothesis implies that the vector contribution to the cross

section is zero in the same limit. Thus, coherent pion production is axial dominated. Con-
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Figure 2.4: Incoherent NC 1mt° production W differential cross sections predicted by R-S model. The dif-
ferential cross section for incoherent production as a function of the invariant mass of the hadronic

system — W—is presented for for neutrinos (blue line) and antineutrinos (green line) when the in-

cident neutrino energy is 1 GeV (solid line) and 10 GeV (dotted line) for both (a) free proton and
(b) free neutron targets.
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Figure 2.5: Incoherent NC 11t° production Q? differential cross sections predicted by R-S model. The differ-
ential cross section for incoherent production as a function of the squared magnitude of the momen-
tum transfer — Q> —is presented for for neutrinos (blue line) and antineutrinos (green line) when the

incident neutrino energy is 1 GeV (solid line) and 10 GeV (dotted line) for both (a) free proton and
(b) free neutron targets.
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tinuing in the same limit, the partially conserved axial current (PCAC) hypothesis relates

the divergence of each isospin component of the the axial current, AL to the pion field, ¢':
oAl = fumig (2.48)

where f_is the pion decay constant. Since the scalar partial cross section (from Eq. (2.29))
diverges at Q* = o while the left and right handed partial cross sections remain finite, o
gives the only contribution to the total cross section at Q> = o. The application of Adler’s

theorem, together with the PCAC, leads to

ql 1.,
0s = K Q: ;fn OnA, (2.49)

where 0,4 is the the cross section for pion-nucleus scattering producing the desired hadronic
final statel']. Rein & Sehgal evaluate the kinematic variables in Eq. (2.29) at Q* = o, sub-
stitute Eq. (2.49) for the scalar partial cross section, and attach a dipole axial form factor to
extrapolate to Q* > o, giving:

AQ*dydt Coam2’" oy

do(vA — vAT°®) G2 lle —y ( M )2 do(n°A — m°A) (2.50)
Q + M; dt ' '
Here y = v/E and ¢ is the usual Mandelstam variable. Thus invoking PCAC reduces the
problem of neutrino-nucleus scattering to the much more tractable problem of pion-nucleus
scattering. To model the pion-nucleus cross section, Rein & Sehgal extrapolate the differ-
ential pion-nucleon cross section at t = o (an approximation) from the total cross section
using the optical theorem and attach a nuclear form factor to account for nuclear dynamics.

This process yields

1 o
_ e*blflpabsﬁ(g’r M2 (14 1). (2.51)

Here, r = Ref,\(0)/Imf, (o) is the usual optical theorem quantity and F,,e™™ is the
empirically specified nuclear form factor accounting for absorption.

The R-S model of coherent pion production has been successful in describing scattering
at high energy (greater than few GeV)[120], but doubts have been raised about its valid-

ity at lower energy[121—123]. The model appears to significantly overestimate production

"We have explicitly included the fact that f , = f; /4/2 in this expression.
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at these energies. Several models have since been constructed in an attempt to compensate
for the deficiencies in the R-S model. [120—-122, 124—130]. Some of these models continue
to use PCAC, but attempt to more accurately portray the kinematics involved, e.g. forgo
fixing the kinematics of Eq. (2.29) at Q* = o, and better model the pion-nucleus cross sec-
tion. A comparison of the prediction of a recent PCAC model and the R-S model appears
in Figure 2.6.Yet other models are taking a microscopic approach. Rather than the “top-
down” approach of PCAC, these models directly model neutrino-nucleon interactions and
compute the coherent sum over the nucleus. These models strongly depend on how the ex-
citation and propagation of the A resonance is treated. Excitation of the resonance is usually
handled in the Rarita-Schwinger formalism with a generic parameterization of the vector
and axial vector currents. For charged-current interactions, this matrix element reads[122]:

14

(A%ipy = p+q|fecs IN;p) = cos Octtalp,) [W [ﬁ(g""‘ﬂ —4")
cv ct

(g0 py — a"Ph) + CLg™a - p — g'p) + Clg | + | (g — ")
A A

C o o (04 C o
+ 5@ Py — 4Pa) + Gl + 15" }] u(p), (252)

where u and # are Rarita-Schwinger spinors and C}** are vector and axial vector form factors.
What is important to note is that the C{ form factor is dominant among axial contributions.
It is also rather uncertain. Up until recently, the value of C assumed was customarily de-
duced from the Goldberger-Treiman relation, giving a value of 1.2. This value is implicitly set
in PCAC-based models. However, an fit of early neutrino scattering bubble chamber data
at ANL yielded a value of 0.89[131]. A follow up to this analysis resulted in values ~ 1[132],
which is still in violation of the Goldberger-Treiman relation. Since the total cross section
roughly depends on the square of CZ, these different assumptions lead to substantially dif-
ferent predictions. Besides the production of the A, the variety of models also differ in their
treatment of the propagation of the resonance. Some treat it locally, meaning that the am-
plitude can be separated into factors encoding the nuclear size information and the pion
production amplitude separately (much like the PCAC-based models) while others attempt
to model the propagation of the A in full. A demonstration of the effect of each assumption

can be found in Figure 2.7.



2. NEUTRINO-INDUCED 1° PRODUCTION BY THE NEUTRAL CURRENT

67

20 T T r r

I5

E,/GeV

1.4

1.6

1.8

2

Figure 2.6: Comparison of Berger-Sehgal model of coherent pion production to Rein-Sehgal model The fig-
ure depicts the total cross section for coherent NC 1m° production as a function of energy as predicted
by the Berger-Sehgal model (solid line) and the Rein-Sehgal model (dotted line). From Ref. [120].

Copyright 2009 by the American Physical Society.

Figure 2.7: Comparison of microscopic coherent
pion production models under various assumptions.
The prediction of the model of Leitner et al. [129 ]
for both charged current coherent pion pro-
duction (top) and neutral current (bottom) are
shown. The predictions are modified by the as-
sumption of the value of C2 and the level to
which A propagation is modeled. Notice that as
more recently informed assumptions are intro-
duced (full propagation, lower CZ), the predic-
tion decreases. The figure also shows the predic-
tion of Ref. [121]. From Ref. [129]. Copyright
2009 by the American Physical Society.
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Regardless of the mechanism, the majority of the recent models of coherent pion pro-
duction share two traits. First, they predict diminished production at intermediate energies.
The reduction can be dramatic. Whereas the R-S model predicts that the coherent fraction
of exclusive NC 171° production to be ~ 30% at MiniBooNE, a revised PCAC model pre-
dicts ~ 5%[120]. Second, they each predict the production to more strongly confined to the

forward direction.

2.2.1 Diffractive Production

Neutrinos may also produce pions by diftractively scattering off individual nucleons. This
process also occurs in the low Q* limit, and so, is amenable to a PCAC-based treatment in

analogy with coherent scattering. Such a model is described by Rein[133].

2.3 Nuclear Effects

The nucleus is a dense collection of highly interacting particles. Hence it is natural to ex-
pect that the nuclear medium can significantly modify both how interactions occur and the
makeup of the final state. In the former category, one must consider the phenomenon of
Pauli blocking, in which interactions that produce nucleons in an already occupied momen-
tum state are forbidden from occurring. The nuclear medium also modifies the resonance
itself. The mass and width of resonances is known to change when bound. Also, resonances
may interact and de-excite while traversing the nucleus before ever producing a pion.

Once a pion is produced it must then escape the nucleus. Given the strength of the
interaction between pions and nucleons, it is unlikely do so unscathed. Pion kinematics
can be altered by elastic scattering. Worse yet, pions can be destroyed in charge exchange
or absorption events. Under charge exchange, a pion can swap charge with an appropriate
nucleon. In this matter, a 7° can be converted to a charged pion and vise versa. Absorption
simply eradicates pions. The rates of these processes are largely determined empirically;
a collection of measurements appears in Figure 4.7. In this sense, if one were to view the
nucleus as a single entity, one may define inclusive 7° production as those interactions which

produce a 71° leaving the nucleus, regardless of it being the result of an exclusive incoherent



2. NEUTRINO-INDUCED 7° PRODUCTION BY THE NEUTRAL CURRENT 69

or coherent interaction or these additional nuclear effects.

The variation in the modeling of the nucleus adds additional uncertainty to already un-
certain neutrino scattering cross sections. Since the effects are so entangled with the cross
sections, recent efforts have begun developing nuclear models in tandem with cross section
models[134]. Greater detail on the specifics of the MiniBooNE implementation appears in

Chapter 4.

2.4 Experimental History

Measurements of neutral current pion production were born out of the larger search for neu-
tral currents during the development of the theory of weak interactions. Shortly after the
first observation of neutral currents by the Gargamelle collaboration, Barish, et al observed
incoherent neutral current pion production in the Argonne National Laboratory (ANL) 12-ft
bubble chamber[135]. They reported their measurement as a ratio of total NC 11° produc-
tion to total NC 17" production. Further measurements of incoherent NC 171° produc-
tion from this era continued to be reported as ratios relative to another channel[136—142].
These experiments were constrained to produce ratio measurements because of their limited
knowledge of the neutrino flux. Even so, the ratios proved useful in elucidating the struc-
ture of the weak hadronic current. In particular, these measurements demonstrated that
the transition to the hadronic final state is predominantly isovector (AI = =1) in nature,
as opposed to isoscalar. Measurements of the absolute cross section of incoherent NC 1m°
production remain few in number. The Aachen-Padova collaboration published a prelimi-
nary measurement as a footnote to another measurement[142]. More recently, E.A. Hawker
undertook a re-analysis of Gargamelle data to produce absolute cross sections as well[143].

Coherent NC 111° production was first observed as an anomaly. The Aachen-Padova
collaboration found the angular distribution of their “naked n°” sample — so-called because
no outgoing proton was observed —to be much more sharply peaked in the forward di-
rection than a control sample of events in which an outgoing proton was observed[142].
They attributed the excess in the forward region to coherent n° production and reported an
absolute cross section. Unlike incoherent NC 11t® production, most measurements of co-

herent NC 11° production consist of absolute cross sections[142, 144—147]. Additionally,
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experiments running in the next generation of neutrino beams were able to produce mea-
surements at a neutrino energy much higher than that typical of the incoherent NC 11°
production measurements|[145—147]. Recently, the MiniBooNE collaboration produced a
measurement of the coherent fraction ensuing the first observation of coherent NC 17° pro-
duction at E, < 2 GeV[123]. The coherent fraction is the fraction of all coherent and inco-
herent NC 11° production that is coherent.

With the focus on v.-appearance oscillation searches growing, interest has turned to-
ward measurements that can better characterize the n° background in those experiments.
Because the particular mechanism of production is irrelevant to estimating the the n° back-
ground, the needs of oscillation searches are best met by measurements of all neutral current
processes that may result in a ° exiting the nucleus. This inclusive NC n° production has
been measured twice[148, 149], both times as a total cross section ratio relative to inclusive
charged current production.

The current body of NC 17° production measurements stands less prodigious than those
of the analogous charged current channels; it is listed in Tables 2.2—2.4. The measurements
are limited both in scope and statistics. The majority of the measurements are simply total
cross section ratios. Only a few absolute measurements have been made in the few-GeV re-
gion in which future v.-appearance will take place and current models of NC 1m° production
vary wildly in their predictions. Given that only a few thousand neutrino NC 1m°® events and
only a few hundred antineutrino events have been observed in total in the few-GeV region,

the measurements are also subject to substantial statistical error.

P
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erss Normalization Experiment Target Ev Measurement
Section p & (GeV)
_ ANL[135] H,,D, ~o0.6 0.51(25)
Jr
[o(upr) ANL[141] D, ~ 0.6 0.09(5)
C,H
Jo(u—pre) GGM[140] éFj; ~2 0.56(9)
o(vpn®) ANL[141] D, ~ 0.6 0.26(14)
C;H
Jo(vapr-) GGM|[140] éFij ~2 1.25(34)
u 3
ANL[141] D, ~ 0.6 0.8(5)
C,H
Jo(vunnT) GGM][140] éFij ~2 1.65(36)
2 AP[142] Al ~2 10.8(19) X 1074 cm?
GGM[143] %Ej; ~2 0.13(2) x 1073 cm?
C;H
Jo(vunnT) GGM][140] éFij ~2 0.98(29)
o C;H
o(vm®) Jo(vupm ™) GGM[140] éFj; ~2 0.75(26)
_ C,H
Jo(p pr°) GGM[140] S ™2 0.34(9)
/1 GGM[143] CéIF{%j ~2 0.08(2) x 1073% cm?
3
o(Vupm®) /1 AP[142] Al ~2  6.2(16) X 1074 cm®
GGM][136] CF;Br ~ 2 [0.10,0.20]!"]
_ AP[137] Al ~2 0.40(6)"]
o (0]
o(vpN7®) [20(p"pn) CIR[138] Al ~1 0.17(4)["]
AP[142] Al ~2 0.47(6)
GGM][136] CF;Br ~ 2 [0.26,0.44]!"]
AP[137] Al ~ 2 0.61(10)!"]
o(3,N7) /20(ptnn°) CIR[138] Al ~1 0.17(4)["
! C,H
GGM([139] S ™2 0.57(})
AP[142] Al ~ 2 0.62(8)
_ _ C;H
/o(Vupm ™) GGM[139] CSJFSS—: 2 2.4(3)

" These measurements have not been corrected for nuclear effects.

Table 2.2: Current measurements of incoherent NC 11t° production. Cross sections are identified by final
state. Most measurements are normalized to a different channel, as indicated by the “Normaliza-
tion” column. The measurements include those made from data collected by the collaboration at the
ANL 12-ft bubble chamber, the Gargamelle collaboration at CERN (GGM), the Columbia-Illinois-
Rockefeller collaboration at BNL (CIR), and the Aachen-Padova collaboration at CERN (AP).
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Absolute Cross Section

. Measurement
Mode  Experiment Target E, (GeV) (10-% em? /nucleus)
AP[142] Al: (A) =~ 27.0 ~2 29(10)
GGM[144] CF,Br: (A) ~ 29.8 ~2 31(20)

Vyu SKAT[145] CE,Br: (A) ~ 29.8 ~7 52(19)
CHARM[146] CaCO,: (A) =~ 20.0 ~ 31 96(42)
NOMAD[147] (A) ~ 12.8 ~ 24 72.6(81) 12 (69)sys

AP[142] Al: (A) ~ 27.0 ~2 25(7)
Vu GGM[144] CE,Br: (A) ~ 29.8 ~2 45(24)
CHARM]J[146] CaCO;: (A) = 20.0 ~ 31 79(26)
Coherent Fraction
Mode Experiment Target E, (GeV)  Measurement (%)
Vi MiniBooNE[123] CH,: (A) ~ 12.0 ~ 0.8 19.5(11) star (25) sys

Table 2.3: Current measurements of coherent NC 17° production. Most measurements are of the absolute
total cross section. The one exception is a measurement of the coherent fraction —the fraction of
total coherent and incoherent NC 17t° production that is coherent. The mean atomic number of each
target is given. The target of the NOMAD experiment consists of multiple materials; its chemical
composition is omitted from the table. The SKAT experiment operated in the neutrino beam at THEP
Serpukhov. The CHARM and NOMAD experiments operated in the SPS neutrino beam at CERN.

Measurement Experiment Target E, (GeV) Value

11° inclusive
—G(I:(Cccrtindusiv@ ) K2K[148] H,O ~ 13 0.064(1)stac(7)sys
AN X indwie)  SciBooNE[149] CsHj ~08  0.077(5)st(5)sys

a(CC inclusive)

Table 2.4: Current measurements of inclusive NC n° production. Both measurements of inclusive
NC 11° production are presented as ratios relative to the measured total charged current cross sec-
tion. The SciBooNE measurement is not strictly a measurement of NC 11° production: it includes
events in which more than one n° is produced.



PART II

The MiniBooNE Experiment

73



3 Hardware

INIBOONE was conceived as a test of the result of the LSND experiment. Obvi-
Mously, the two components constitute the hardware necessary to accomplish such a
task are a neutrino beam and a neutrino detector. The beam and the detector were designed
to maximize the sensitivity to a faint v, — Vv, oscillation signal at AM*> ~ 1eV>. Even
so, MiniBooNE has demonstrated the versatility to pursue additional physics goals, such as
measuring neutrino cross sections. In this chapter we will first discuss the beam configu-
ration and then go on to describe the detector. More detailed descriptions of the beam and

detector can be found in Refs. [150-153].

3.1 Booster Neutrino Beamline

The production of the Booster neutrino beam can be divided into three distinct phases: a
primary beam of protons collides with a beryllium target housed in a magnetic focusing
horn to produce a secondary beam of mesons which decays to produce a tertiary beam of
neutrinos. The location of the beam components on the Fermilab site can be seen in Fig-

ure 3.1.

3.1.1 Primary Beam: Protons

The primary proton beam is accelerated in three stages. To begin, H™ ions are accelerated

across a 750 kV gap created by a Cockroft-Walton generator. In the second stage, a linear
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accelerator (Linac) pushes the beam to 400 MeV in kinetic energy. The H™ ions then enter
third and final stage: the Booster. The Booster is a 474 m-circumference synchrotron op-
erating at a cycle frequency of 15 Hz and a harmonic number of 84 (meaning that the RF
frequency is 84 times the revolution frequency of the protons). Upon entering the Booster,
a stripping foil removes the electrons from the debunched H™ ions and the resulting protons
fill the ring. The protons are adiabatically collected into 84 RF buckets and the RF frequency
begins to ramp up from its initial value of 37.77 MHz. Because the rise time of the extrac-
tion magnets is longer than the spacing between bunches at extraction, some bunches will
receive an insufficient impulse and impact on the beam magnets. To reduce beam losses, a
kicker magnet is activated § ms into the RF frequency ramp to empty three buckets. The
beam losses incurred at this lower energy are substantially less than those that would be in-
curred at extraction. The RF frequency ramp completes 33 ms after its start at a final value of
52.81 MHz. In turn, the beam kinetic energy is boosted to 8 GeV. After acceleration, the col-
lection of protons, known as a spill, is extracted in a single turn by a kicker magnet and sent
along a transfer beamline toward the Main Injector. Each spill typically includes between
1 X 10" and 5 X 10" protons extended over ~1.6 pus. Spills are not uniform in structure: the
protons are divided into 81 bunches, each ~2 ns wide and spaced ~19 ns apart.

Spills are diverted into the Booster Neutrino Beamline (BNB) by a switch magnet at the end
of the Main Injector transfer line. The BNB is composed of a series of dipole and focusing-
defocusing (FODO) quadrupole magnets. It ends in a FODO triplet that focuses the beam
to a ~1 mm spot on the face of the target and a waist of zero dispersion halfway along
the target. Split-plate beam position monitors (BPMs) with an accuracy of 0.1 mm and a
multiwire chamber report the beam position at multiple locations upstream of the target.
The multiwire chamber additionally reports the beam width. Two toroids upstream of the
target measure the beam current. They permit a measurement of the number of protons-on-

target (POT) with a 2% systematic uncertainty.

3.1.2 Secondary Beam: Mesons

The primary beam impinges on a beryllium target and the ensuing interactions produce a

spray of secondary particles, including pions, kaons, and nucleons. A magnetic horn sur-
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(b) (©

Figure 3.2: The MiniBooNE target. (a) An exploded diagram of the MiniBooNE target assembly.
The beryllium slugs making up the primary target are highlighted in green. (b) A profile view of
the assembled MiniBooNE target. With (a), adapted from Ref. [151]. (c) A rendering of the mag-
netic horn illustrating the position of the target assembly. The horn is rendered partially transparent
and the target is highlighted in color. Courtesy of Bartoszek Engineering. In each illustration, the
upstream direction is to the left.

rounding the target focuses charged particles of a selected sign toward the forward direction.

Rather than a solid element, seven cylindrical, beryllium slugs, each 4 in (10.16 cm) in
length and 1 cm in diameter, make up the primary target. They are arranged end on end
to provide a target 71.12 cm in total length. The beam deposits ~ 610 W in the target, so
measures must be taken to cool it. Three radial cooling fins are arranged symmetrically about
the longitudinal axis of each slug. The slugs are supported by the fins in a beryllium tube,
which, in turn, is supported in another beryllium tube that is terminated at the downstream
end by a beryllium cap. The channel between the two tubes forms a duct. The structure is
mounted at the upstream end to an aluminum manifold block. A closed-loop system cools
the target: air is circulated over the slugs in the inner tube, returns through the outer tube,
and passes through filters and across a heat exchanger before being recycled. The target
assembly is placed inside the horn, but remains structurally independent to permit a simple
removal should it become necessary. Schematics of the target assembly appear in Figure 3.2.

A magnetic horn operates on the principle that a toroidal magnetic field surrounding a

divergent particle beam will apply a force counter to the direction of the transverse momen-
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tum for particles of a certain sign. Particles of the opposite sign will receive a boost to their
transverse momentum and be defocused.

The MiniBooNE horn is depicted in Figure 3.3. It is a toroidal electromagnet consisting
of two azimuthally symmetric, concentric conductors fabricated from 6061 T6 aluminum
alloy. The outer conductor is 30 cm in radius while the inner conductor varies in radius
from 2.2 cm to 6.54 cm. A toroidal cap joins the two conductors at the downstream length,
which gives the horn a total length of 185.4 cm. The horn current is sourced from a capacitor
bank located in the support building above the target hall, mediated by an LC circuit, and
sent via stripline conductors to the upstream end of the horn. The LC circuit generates a
half-sinusoid pulse with a width of 143 ps and timed to peak at 173 kA when the beam spill
arrives at the target. The current induces a toroidal magnetic field in the volume between the
two conductors whose intensity falls with the inverse of the radial distance from the center
of the horn. The field intensity peaks where the inner conductor is narrowest at 1.5 T; the
measured radial dependence of the field intensity appears in Figure 3.4. When operating in
neutrino mode, the current flows from the inner conductor to the outer conductor to focus
positively-charged secondaries; in antineutrino mode the flow is reversed.

The large current passing through the horn induces significant heating. A closed-loop
radioactive water system cools the horn. Nozzles mounted inside the horn cavity spray water
onto the inner conductor. Water is drained from the horn cavity and recycled. To extend
the life of the horn, the nozzles are mechanically isolated from the horn so they are not
susceptible to the vibrations induced by the current. While the Booster can produce spills
at 15 Hz, the cooling capacity of the horn and target as well as mechanical concerns limit the
BNB to accepting spills at a maximum average rate of § Hz. Typically, ten spills are sent to
the BNB at 15 Hz after which the horn is allowed to cool for ~ 1.5 s and the next train of

spills of is sent.

3.1.3  Tertiary Beam: Neutrinos

A concrete collimator, located 259 cm downstream of the upstream face of the target, halts
the progress of off-axis secondaries that would not otherwise contribute to the neutrino flux.

The width of the collimator at its opening is 30 cm and the width grows to 35.5 cm over its
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Figure 3.3: Rendering of horn and cooling sys- Figure 3.4: Azimuthal magnetic field intensity in
tem. The outer conductor is rendered partially horn. Measured radial dependence of field inten-
transparent to reveal the internal structure of = sity is plotted. The gray region indicates the lower
the horn including the inner conductor and and upper extent of the inner conductor. The out-
the position of water nozzles. Courtesy of ermost line marks the inner surface of the outer
Bartoszek Engineering. conductor. From Ref. [154].

214 cm length.

After exiting the collimator, the secondaries enter the decay pipe. The decay pipe con-
sists of a 2 m wide, air-filled, corrugated steel pipe embedded in packed dolomite gravel.
While in the decay region, much of the secondary beam undergoes neutrino-producing de-
cays. Charged pions comprise the preponderance of the beam; they usually decay to produce
muon neutrinos: ©° — uv,, 17 — p~v,. Kaons and longer-lived muons make addi-
tional contributions to the neutrino beam —largely in the form of electron neutrino contam-
ination. The neutrino flux will be covered in detail in §4.1. The end of the decay region is
marked by a steel and concrete beam stop 50 m from the upstream face of the target. The
beam stop permits only neutrinos to pass. At 25 m from the upstream face of the target, an
alcove above the decay pipe houses ten 10" x 10’ X 1’ steel plates and a 3 ft thick concrete slab.
The intention is that the steel and concrete can be lowered into the decay region to reduce its
length to 25 m. In June 2006, during MiniBooNE'’ first antinetrino run, one steel absorber
plate fell into the decay pipe. It was followed by another steel plate in August of that year.
The plates were returned to their standby position in April 2007. The 1.181 X 10*° POT of
data collected during this period have been excluded from this analysis. After exiting the

decay region, neutrinos travel through dirt until they reach the MiniBooNE detector plant
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and enter the detector 541 m away from and 2 m above the target (center-to-center).

3.2 MiniBooNE Detector

The MiniBooNE detector is a mineral oil-filled Cerenkov detector. Tt takes the form of a
610 cm-radius steel tank whose interior is segmented into a 575 cm-radius signal or main
region and the surrounding 35 cm veto region. An optical barrier separates the two regions.
The interior surface of the main region is lined by 1280 photomultiplier tubes (PMT5). The
PMT detect Cerenkov and scintillation light due to charged particles created in neutrino
interactions. The specifics of the neutrino interaction can be reconstructed from the pattern
of light captured. The interior surface of the optical barrier is painted black to minimize
reflected light, which interferes with reconstruction. The veto region is used to determine
whether particles have exited or entered the detector. Because only the amount of light, and
not its distribution, matters in such a determination, just 240 PMTs are arranged throughout
the veto region. To maximize the amount of light gathered, the veto region is painted white.
An illustration of the detector can be found in Figure 3.5 and a detail of the threshold between
the main and veto regions can be found in Figure 3.6.

The detector is housed in the MiniBooNE detector plant (BDP). More specifically, the
detector is located below grade in a cylindrical vault. The vault is 45 ft. in diameter and 43
ft. in height with a 1.5 ft-thick concrete wall. A support building above the vault houses the
detector electronics, utilities, and oil plumbing systems as well as a muon hodoscope. The
BDP is buried under earth overburden in such a manner that the detector is protected by at
least 3 m earth equivalent of overburden; the earth overburden reduces the rates of cosmic
muons entering the detector to less than 10 kHz. An elevation view of the BDP is presented

in Figure 3.7.

3.21  Mineral Qil

In the context of the physics goals of MiniBooNE, mineral oil possesses many advantageous
properties in comparison to water—another medium typically used in Cerenkov detectors.

First, the index of refraction of mineral oil (1.47) is significantly higher than water (1.33). As



3. HARDWARE 81

PMT
Tank Region

Veto Region

Figure 3.5: The MiniBooNE detector. The interior of the de- Figure 3.6: Photograph of detec-

tector is exposed via cut-away. The PMT are represented tor interior. Taken during construc-

by gold circles. Mineral oil fills the entire volume. Adapted tion, the photograph reveals both

from Ref. [152]. the main (top) and veto (bottom)
regions and the optical barrier sep-
arating them.

)

Figure 3.7: The MiniBooNE detector plant. The detector appears below grade near the center of the
figure. The associated electronics and HVAC equipment can be found in the room above. The tank
to the right serves as an oil overflow buffer. From Ref. [152].
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Density (p) 0.845(1) g/cm3 @ 22°C
Thermal Expansion Coefficient (y)  0.61(4) X 1073 K™

Adiabatic Compressibility (kg) 6.06(14) x 107 Pa™" @ 25°C
dxs/dT 5.0(5) x 107 Pa"'K™*

Table 3.1: Mechanical properties of MARCOL 7 mineral oil.

a result, the Cerenkov threshold is reduced, which increases the sensitivity of the detector
to lower energy particles (most importantly protons). The lower speed of light additionally
promises improved position reconstruction. Second, mineral oil is less dense than water
(p ~ 0.8 g/cm?). While the lower density means the probability of neutrino interactions is
reduced, it leads to increased Cerenkov yields. Third, the p~ capture probability in mineral
oil (8%) is considerably less than in water (20%). Observing the Michel electron from
muon decay is integral to identifying muons and, by extension, charged current interactions.
Should a muon be captured, that opportunity is lost.

After evaluating several candidates for low cost, long attenuation length, minimal scintil-
lation light, high index of refraction, and low reactivity with the detector materials, Exxon-
Mobil MARCOL 7 mineral oil was selected for use in MiniBooNE. The measured mechanical
properties of MARCOL 7 are listed in Table 3.1.

The MiniBooNE detector holds 807 tons of mineral oil. An overflow tank, whose capac-
ity is about ~ 1% of the MiniBooNE detector, copes with the thermal expansion of the oil.
The overflow capacity corresponds to a 16 °C fluctuation in oil temperature. Dry nitrogen is
diffused through bubblers at the bottom of the detector tank and introduced at other points
in the plumbing system as well. The nitrogen purges oxygen and water from the system.
The former can strongly modify the optical properties of the oil, while the latter can pro-
mote corrosion on exposed metal surfaces. The oil plumbing system additionally provides
a mechanism to recirculate and chill the oil, though the need to chill the oil has never arisen
and the oil has not been recirculated since the initial oxygen purge.

The index of refraction was measured at the mean of the Fraunhofer D, and D, lines (the
sodium doublet, Ap = 589.294 nm) as well as the C (hydrogen-a, Ac = 656.281 nm) and
F (hydrogen-f, Ar = 486.134 nm) lines using an Abbé refractometer. The difference in the
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latter two measurements gives the dispersion of the oil. These measurements found

np = 1.4684(2) @ 20 °C, (3.1)

0 = ng — nc = 0.0081(3). (3-2)

The linearized temperature dependence of n, was also measured:

dn et
= d—; = —3.66(4) X 10 * K, (3.3)

but no appreciable change in the dispersion was observed over a range of temperatures. With

Cauchy’s formula, these measurements uniquely determine the temperature and wavelength

dependence of the index of refraction:

PR
n(A, T) = (nD + eﬁ (Ai - i)) (1 — B(T — 20°C)). (3.4)

A thorough understanding of light production and propagation in the Marcol 7 oil is
critical to the accuracy of both the simulation and reconstruction of events in the detector.
While many features of the oil were analyzed ex situ, our understanding of the oil was fur-
ther built upon with in situ measurements. For this reason, we will postpone discussing
additional optical properties of the oil, i.e. scattering, fluorescence, and scintillation, until

the description of the detector simulation optical model in §4.3.2.

3.2.2  Photomultiplier Tubes

In total, 1520 PMTS are positioned throughout the MiniBooNE detector. Among those, 1198
are Hamamatsu R1408 models that were recycled from the LSND experiment. The remain-
ing 322 PMTs are new Hamamatsu R5912 models. They are both 8-inch PM'TS. The quantum
efficiency of the R5912 models peaks at 23% for 400 nm wavelength light and falls below
~ 1% for light below 300 nm and above 600 nm. The quantum efficiency of the R1408
models is similar. Because the R5192 models boast better time and single-photoelectron
(PE) charge resolution —1.1 ns and 50%, respectively, versus 1.7 ns and 140% for the R1408
model —they were all alloted to the main region. In order to minimize the veto threshold,
the veto region was instrumented with the 240 R1408 models with the lowest dark rate. The

remaining models were placed in the main region.
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Figure 3.8: PMT support structure. The schematic on the left offers a profile view of the PSS. The
schematic on the right gives a view of the PSS from inside the main region looking out . The schematic
shows two and a half optical barrier panels and demonstrates the arrangement of PM'Ts on each and
how they are oriented on the latitudinal support hoops.
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Figure 3.9: Position of PM'T$ in the main region of the detector: The origin of the plot corresponds to
the most-downstream point on the main region surface that intersects with the beam. The vertical
axis indicates the distance from equator along the main region surface in the polar direction. The
horizontal axis gives distance from the central meridian along the main region surface in the clockwise
azimuthal direction. The projection is not Euclidean.
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The PMT support structure (PSS) label describes the group of structures inside the de-
tector comprising the optical barrier and its support as well as the mechanisms holding the
PMT5 in place. Schematics of PSS elements appear in Figure 3.8. The optical barrier consists
of a collection of 1.6 mm aluminum sheet panels. They are affixed to a series of latitudinal
hoops, which are held in place by steel struts attached to bosses welded to the tank wall.
The length of each strut was adjusted to account for any asphericity in the tank. The main
PMTS are held in place by stainless steel wire stands mounted to the optical barrier panels.
It is not possible to uniformly arrange the main PMTS on the spherical optical barrier (sadly
there is no regular chiliadihectaoctacontahedron). Instead, in consideration of the ease of
installation, the PMTS are arranged in evenly spaced latitudinal rows. In each row, the spac-
ing of the PMTS is chosen to be as close to the spacing between rows as possible while still
being roughly uniform. A map indicating the position of each PMT can be found in Fig-
ure 3.9. The veto PMT5 are arranged in opposite-facing pairs mounted to struts attached to
bosses welded to the tank wall. In each pair, the PMT face a direction normal to the radial

direction.

3.2.3 Electronics & Data Acquisition

Digitization

A collection of combination high-voltage (HV') supply and preamplifer boards positioned
just outside the detector provide power for the PMT and perform preliminary processing
of the PMT signals. A series of equal-length coaxial cables connect the boards to the PM'Es.
After being amplified twentyfold, the PMT signal is sent to the digitizing electronics.

It would be a burdensome task to record the waveform of each PMT signal. Instead,
the integrated charge (¢) and time (¢) of pulses above a certain threshold are recorded. For
this reason, the digitizing boards are known as QT cards. The QT cards are governed by a
10 MHz, GPS-disciplined clock signal. From the input PMT signal, Vpyr, an integrated
charge signal, V;, and a time signal, V;, are created. V is generated by processing Vpyr with
an integrator-stretcher circuit that convolves the signal with an exponential with a decay
constant of ~700 ns. If Vpyr exceeds 2 mV—a level corresponding to ~o.1 PE and indicat-

ing the observation of a PMT hit—an asynchronous discriminator is tripped immediately.
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When the asynchronous discriminator fires, V; is ramped away from its nominal value lin-
early; V; returns to the baseline shortly after two clock ticks have passed. The discriminator
also opens a 200 ns (2 clock tick), clock-synchronized, hold-oft gate that temporarily pre-
vents the discriminator from firing again.

V, and V; are digitized by 8-bit flash ADCs at every clock tick and the values are stored
in a 2048-entry (204.8 ps) ring buffer along with timestamps. Should a trigger request that
an event be read out, the data acquisition (DAQ) program extracts hit information from the
ring buffer for each PMT channel. For each hit (indicated by a ramp in V;), the DAQ writes
out the digitized value of V;; and V; at the clock tick before the discriminator fired and for
three subsequent ticks. The group of four values is known as a quad. V, is digitized so that
1 PE occupies ~4 bits, meaning that the ADC saturates around 20-30 PE. In the event that
the ADC saturates, the DAQ continues to record quads until a fully unsaturated charge quad
is encountered. If a trigger requests data for a time that has already been overwritten, the
event is flagged.

The charge and time quads do not immediately give the charge and time of the PMT
hit. Knowing the V; ramp slope, the time at which the discriminator fires relative to the
clock tick preceding it—the raw time — can recovered by extrapolating the time-intercept of
the ramp from the time quad values lying on the ramp. After calculating the raw time, the
charge of the hit can be determined. To do so, the normalization of a reference V; curve is fit
to the time charge quad; the reference curve is aligned using the measured raw time. This
relative normalization is known as the raw charge. If the mean raw charge for 1 PE hits is
known (we can call it the gain), the real charge, g, for any hit is simply the raw charge scaled
by the gain. The raw time is not the best measure of the time of a PMT hit: it depends on
the rise time of the PMT pulse, which depends on the charge of the hit. Fortunately, once
the charge is known, this time slewing can be corrected. The real time, ¢, is reached after

including channel-dependent time offsets and a global time offset for the event as well.

Triggering

A trigger is a set of conditions that, when met, precipitate the readout of a certain portion

of the QT card buffers and the writing of that data to disk along with other pertinent in-
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Figure 3.10: Illustration of PMT signal digitization. V is the convolution of the PMT anode signal,
Vpmr, with a long-lived exponential. When Vpyt crosses a threshold corresponding to ~0.1 PE, an
asynchronous discriminator trips and V; begins a linear ramp. The ramp ceases and V; resets after
two clock ticks pass. In the 200 ns after the first clock tick after the discriminator fires, a hold-oft gate
prevents the discriminator from firing again. Four digitizations of both V; and V; in the vicinity of
the pulse are recorded.

formation. The triggers are designed to capture beam events, possible neutrino interactions
from other sources, and cosmic activity in addition to data for calibration and monitoring.
They are built from a combination of seven comparators that examine the number of PMT
hits in a 200 ns window as well as three external trigger inputs. Five of the comparators
evaluate as true if the number of PMT hits in the main region, which are known as tank
hits, is greater than or equal to 10, 24, 60, 100, or 200. The remaining comparators return
true if the number of veto hits is greater than or equal to 4 or 6. Of the external trigger
inputs, the most important is the beam trigger. This trigger is set to true if coincident 1D
and 1F events are received from the Fermilab Accelerator Network (ACNET). These events
signal that the accelerator is ready to send beam to MiniBooNE and that the beam has been
extracted. The other two external trigger inputs indicate additional accelerator states and
calibration events. We now enumerate some of the more notable triggers.
Beam Tjypical rate: 2-5 Hz, Data window: 19.2 s

Fired upon receiving beam trigger input; it is the primary physics trigger. Upon be-

ing set, 19.2 ps of data, beginning approximately 5 p before the beam arrives at the
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detector, is read from the QT card buffers. The beam spill lasts for 1.6 ps. All triggers
are suppressed in the 20 ps window following the beam trigger.

NuMI Typical rate: 0.5 Hz, Data window: 19.2 ps
Triggered upon receipt of ACNET signals indicating delivery of protons to the NuMI
neutrino beamline. This trigger is analogous to the beam trigger; it is used to collect
a sample of events of off-axis neutrinos from the NuMI beamline. It is timed so as not
to interfere with the beam trigger.

Strobe Typical rate: 2.01 Hz, Data window: 19.2 us
A periodic trigger that trips at 2.01 Hz with the intention of collecting a sample of
beam-off data for background studies.

Follower Typical rate: 1.0 Hz, Data window: 3.2 us
Triggered when certain comparator conditions are met within a time window after a
beam or strobe event with a neutrino candidate. Two sets of conditions are chosen to
isolate neutron capture and 3-decay candidates.

Michel Tpical rate: 1.2 Hz, Data window: 19.2 ps
Triggered when < 200 tank hits and < 6 veto hits are observed 3 to 15 ps after > 100
tank hits and > 6 veto hits are observed. Isolates a sample of cosmic ray muons that
decay and produce Michel electrons in the detector volume. A prescaling is applied to
reduce the number of triggers by a factor of 600.

Supernova Typical rate: 9.9 Hz, Data window: 3.2 ps
Triggered when > 60 tank hits and < 6 veto hits are observed and no cosmic ray
muon was observed in the preceding 15 ps. A nearby supernova is expected to cause
an abrupt increase in the rate of this trigger above background.

BigNu Typical rate: 0.66 Hz, Data window: 19.2 us
Triggered when > 200 tank hits and < 6 veto hits are observed while the beam is off.
These conditions are in accordance with a high-energy neutrino from a source other
than a beam interacting in the detector.

Tank & Veto Typical rate: 0.4 Hz (each), Data window: 19.2 pus
Triggered when > 200 tank hits or > 6 veto hits are observed, respectively. Tank
triggers are prescaled by a factor of 9oooo and veto triggers by a factor of s000. They

are used in detector monitoring.
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Laser Typical rate: 3.33 Hz, Data window: 9.6 ps
Triggered by calibration laser signal. See §3.2.4.

Fake beam Typical rate: 0.5 Hz, Data window: 9.6 us
Triggered when the Booster delivers a proton batch to a destination other than the
BNB. The laser is pulsed during this trigger to compare laser events with and without
accelerator activity.

Cube Typical rate: 1.1 Hz, Data window: 12.8 ps
Triggered when a cosmic ray muon activates a calibration cube. See §3.2.4.

Tracker Typical rate: 0.7 Hz, Data window: 12.8 ps
Triggered when the muon tracker observes a definitive signal. Prescaled by a factor of
170. See §3.2.4.

The total trigger rate in the MiniBooNE detector is approximately 26 Hz.

3.2.4 Calibration Systems

Two in situ systems assist with the calibration and characterization of the MiniBooNE hard-
ware. One, a laser system, permits the injection of metered quantities of isotropic light
at specific positions in the detector. The second, a muon tracker coupled with a collection
of scintillating cubes in the detector, provides the means to collect a sample of cosmic ray

muons with well-defined kinematics.

Laser Calibration

A pulsed diode laser outside the detector generates a 100 ps light pulse whose wavelength
is peaked at 397 nm. A mechanical switchbox directs the pulse to one of five optical fibers
that penetrate the detector. Four fibers terminate in 10 cm-diameter, glass flasks filled with
LUDOX® colloidal silica. The colloidal silica scatters the beam to produce uniform, isotropic
light. The fifth fiber is bare; it illuminates the PMT below it within a 10° cone. During
normal running, the laser is triggered at 3.33 Hz (beam triggers block the laser trigger) and
the light is directed at a flask in the center of the detector.

In what is arguably their most important capacity, the laser events are used to establish

many of the parameters needed to convert the charge and time quads recorded for each PMT
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hit into physical charge and time values. Suppose we label the time quad values T_ADCO-3.
The slope of the V; ramp is calculated by averaging T_ADC2-T_ADC1 for a very large sample of
hits. The reference V, curves for both PMT models are recovered by merging and averaging
the charge quads for samples of low-intensity and high-intensity laser events. The charge-
dependent time-slewing is characterized from the V; references. The gain of each channel
is determined by finding the single photoelectron peak in the raw charge distribution for
prompt hits in low-intensity laser events. Additionally, the arrival time of prompt hits, when
compared to the laser pulse time and the known light propagation time, is used to determine
time offsets for each PMT to compensate for irregularities in the signal propagation time
from the PMT to the QT cards. A thorough description of the calibration procedure can be
found in Ref. [155].

Laser events are also valuable in studying the optical properties of the mineral oil. Events
involving the central flask are used to gauge changes in the attenuation length of the oil.

Events in which the bare fiber is used permit studies of scattering in the oil.

Cosmic Ray Muon Calibration

The muon tracker monitors cosmic ray muons entering the detector. It is implemented as
a scintillator hodoscope positioned directly above the detector. The hodoscope consists of
four horizontal planes of Bicron BC-408 plastic scintillator strips grouped into two layers
separated vertically by 1 m. The two planes in each layer are oriented at right angles to each
other. Thus each layer can measure the x-y position of through-going muons. In combining
the position measurement at each layer, one can recover the muon direction.

The tracker is paired with a collection of seven scintillator-filled cubes suspended inside
the main region of the detector at depths ranging from 30 to 400 cm from the optical barrier.
All but the deepest cube are 5 cm on a side; to increase acceptance, the deepest cube is 7.6 cm
on a side. Each cube is sealed in an aluminum box to optically isolate it from the detector.
Light from each cube is transported out of the detector to 1” PMT5 by optical fiber.

The signature of a cosmic ray muon passing through the tracker and stopping and decay-
ing in one of the scintillator cubes is quite distinct. In addition to coincident cube and tracker

signals, the muon and subsequent Michel electron will be observed by the tank PMTs. A
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clean signal is ensured by requiring that the reconstructed origin of the Michel electron is
consistent with the cube position. The muon track geometry is defined by tracker observa-
tions and the cube position. With the energy loss of muons in mineral oil well understood,
the muon energy is deduced from its range. The accessible muon energy extends from ~9s
to ~770 MeV and the energy resolution varies from 12% at the low end to 3.4% at the highest
energy. A few hundred muons stop in the cubes each month. This sample of thoroughly
characterized muons and their associated Michel electrons lends well to studies addressing
reconstruction performance, scintillation light (and other optical properties in general), and

PMT response.

P



4 Software

OFTWARE in the context of MiniBooNE refers to the variety of physics applications
S that were developed to support the goals of the experiment. We will discuss the im-
plementation of the major simulations on MiniBooNE. These include the simulation of the
neutrino beam, neutrino interactions in the detector, the propagation of particles and light
in the detector, and the detector response. These simulations, colloquially referred to as the
Monte Carlo, collectively establish our expectation for measurements in the detector. They
also serve as the framework in which systematic uncertainties can be evaluated. For cross
section measurements, the neutrino beam simulation takes on particular importance: since
the neutrino flux is not directly measured, it supplies the flux prediction required to normal-
ize the cross sections. The algorithms used to reconstruct events, that is classify interactions
and recover the properties of the particles involved, also fall under the software umbrella.
The principles behind the specific reconstruction method used in this analysis will be dis-

cussed.

4.1 Neutrino Beam Simulation

The MiniBooNE beam Monte Carlo was developed in the GEANT4 framework[156]. It pro-
vides for the simulation of the propagation of particles through matter with full modeling
of electromagnetic and hadronic interactions and decays. The program inputs include the
geometry of the domain of the simulation and the initial conditions for the particles to be

tracked.

092
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Geometry The last 50 m of the BNB, the target hall, and the meson decay pipe have been
modeled for the beam Monte Carlo. When the extra detail makes little difference in the
outcome of the simulation, simplifications are applied to the geometry. Naturally, the ge-
ometry includes models of the magnetic horn and the target assembly. The magnetic field
in the horn cavity is specified according to measurements. The specification accounts for the
penetration of the magnetic field into the conductors due to the finite skin depth at the char-
acteristic time of the horn current pulse. GEANT4 is capable of tracking charged particles in

magnetic fields.

Primary Protons The simulation begins with the generation of protons, 8 GeV in kinetic
energy, 1 cm upstream of the target. The TRANSPORT[157] charged particle beam simula-
tion was used to model the beam characteristics. The results of the simulation are supported
by beam monitor measurements. In accordance with these sources, the transverse position
(x,y) of the generated protons is normally distributed about the target center with standard
deviations of 1.51 mm and 0.75 mm in the x and y directions, respectively. Similarly, the
transverse direction (6y, 6,) of the protons is normally distributed about the target axis with
standard deviations of 0.66 mrad and 0.40 mrad in the 6, and 6, directions, respectively.

Modest perturbations in initial conditions do not affect the predicted flux by more than 1%.

GEANT4 is trusted to manage much of the simulation but there are exceptions in which the
program has been adapted to better suit our needs. Among these exceptions are custom cross
section tables for the hadronic interactions of protons, neutrons, and pions in aluminum
and beryllium. The production of the final state for most of these interactions is left to
GEANT4. Because of their importance, the final state of primary p-Be interactions producing
secondary mesons is treated as a special case. Additionally, optimized routines have been
implemented to handle the decay of mesons that produce neutrinos. The remainder of this
section will be devoted to these specializations. An exhaustive description of the simulation

can be found in Ref. [154].
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4.1.1  Hadronic Interaction Cross Sections

Hadronic interactions on nuclei can be classified as either elastic or inelastic. Elastic interac-
tions involve the incident particle scattering coherently off the entire nucleus. Inelastic inter-
actions can be further categorized as either quasielastic or particle-producing (“reaction”).
In quasielastic interactions, the incident particle can be thought of as elastically scattering

off an individual nucleon.

Inelastic Cross Section Abundant data on inelastic scattering exist in the desired range of
momentum. p-Be and p-Al interactions at low momentum are covered by data from from
Gachurin et al[158]. and the remainder by data from Bobchenko et al.[159]. No appeal
to theory is necessary; the data are directly parameterized by an empirical function. The
Gachurin and Bobchenko data also address charged pion scattering at high momentum.
They are joined by data from Allardyce et al.[160]. Atlow momentum — in the region of the A
resonance — data from Ashery et al.[161] are adopted. Ashery et al. did not address scattering
on beryllium; however, they do measure scattering on several other nuclear targets. The A
dependence of the cross section (assuming o oc A") can be extrapolated from these other

measurements.

Elastic Cross Sections Unlike the inelastic cross sections, no measurements of elastic cross
sections exist in the domain of interest. Moreover, elastic cross sections are difficult to model
reliably. An indirect approach is taken instead: the total cross sections are modeled theoret-
ically and the elastic cross sections are taken to be the difference between total cross sections
and the inelastic cross sections. The total cross sections are calculated under the guidance
of the work in Ref. [162], in which the amplitude for hadron-nucleus interactions is mod-
eled as the coherent sum of the amplitudes for hadron-nucleon interactions. The hadron-
nucleon scattering amplitude in the forward direction is easily constructed from measure-
ments compiled by multiple groups[117, 163, 164]. The amplitudes are summed according
to the Glauber model[165]. In this model, the nucleus is treated as a set of nucleons populat-
ing a spherically symmetric state. The state is constructed in a harmonic oscillator potential

for beryllium and a Woods-Saxon potential for aluminum. With the total cross section in
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the forward direction determined, the total cross section for all directions is recovered via

application of the optical theorem.

Quasielastic Cross Section As was the case with elastic scattering, our ability to model
quasielastic scattering suffers from a dearth of data. Again, a theoretical approach is taken.
Quasielastic scattering is treated using the same hadron-nucleon scattering amplitudes de-
scribed previously. However, the individual amplitudes are summed incoherently in the
context of the shadowed multiple scattering expansion. The expansion accounts for the at-

tenuation of the hadron wavefunction as it penetrates the nucleus.

Parameterization Whether the scattering predictions come from data or theory, they are
fit to empirical parameterizations. The parameterizations are inspired by Regge theory, but
have no particular physical significance. In the case of nucleon-nucleus scattering, the pa-

rameterization takes on the form
0 =a,+ayp" +alog’p+a,logp. (4.1)

When considering pion scattering, the parameterizations must be augmented with addi-
tional terms to capture the resonance behavior of the cross section. For example, the inelas-
tic and quasielastic parameterizations include a Breit-Wigner function at the resonance and
attach a threshhold function to a simplification of Eq. (4.1). More precisely,

—m(p)Tr ’
My — m(p)* + im(p)Tr

In the case of the total cross section, the Breit-Wigner function is replaced by a parameteri-

O':NR

+ (14 tanh(6(p — 0,))) (a, + ap" + a;log’p) . (4.2)

zation laid out by Carrol et al.[166]. The available data, models, and parameterizations just

described appear in Figure 4.1 for proton scattering and in Figure 4.2 for pion scattering.

4.1.2  p-Be Particle Production Cross Sections

The bulk of the neutrino flux is the product of the decay of mesons produced in primary pro-
ton collisions with the beryllium target in general and charged pions in particular. For this

reason, primary p-Be interactions producing secondary particles receive a meticulous treat-

do
dpdQ

ment. Custom tables of the double differential cross section for interactions producing
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Figure 4.1: Proton-nucleus interaction cross sections. Each figure compares the available data to the
model calculations and the resulting parameterizations for both p-Be (left) and p-Al interactions
(right). Though the calculations for n-Be and n-Al interactions are absent from (b) and (c), isospin
symmetry indicates that the cross sections ought to be nearly identical.
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Figure 4.2: Pion-nucleus interaction cross sections. Bach figure compares the available data to the model
calculations and the resulting parameterizations for both 1+ -Be (left) and n ™ -Al interactions (right).



4. SOFTWARE 98

+, K%, K°, p, and n are used to determine the kinematics and multiplicity of secondaries.
In each reaction interaction, the multiplicity of a given secondary is drawn from a Poisson
distribution whose mean is the ratio of the total cross section for that channel to the total
reaction cross section, i.e.

T dpdQ

fded do(pBe—X)

Ny = (4-3)

OREA

The reaction cross section represents the cross section for all inelastic interactions excluding
quasielastic interactions. The kinematics of generated secondaries are drawn from the ap-
propriated double differential cross section operating in the capacity of a probability density
function. The production of all other species is handled by the default hadronic interaction

routines of GEANT4.

1t* Production

The charged pion production cross section tables are derived largely from the HARP[167]
experiment, which was designed to replicate the conditions of the BNB and MiniBooNE
target. The HARP collaboration measured n* production on a replica beryllium target and
a shorter, §% interaction length target at a beam momentum (p;) of 8.89 GeV/c. The collab-
oration has yet to analyze data from the “thick” target, so the “thin” target data serve as the
basis for our simulation. The data are presented as the averaged differential cross section on
a two-dimensional partition of the pion phase space spanning 0.75 GeV/c < p < 6.5GeV/c
and 30 mrad < 6 < 210 mrad (p and 0 are the total momentum and angle, respectively,
of the outgoing pion). Supplemental data are obtained from the BNL E910[168] experi-
ment. This experiment covered the region of pion phase space spanning 0.4 GeV/c < p_ <
5.6 GeV/cand 18 mrad < 6, < 400 mrad at p, = 6.4, 12.3, and 17.5 GeV/c. The coverage of
these experiments is compared to the pions most likely to produce neutrinos that intersect
with the MiniBooNE detector in Figure 4.3.

These data were all found amenable to the Sanford-Wang parameterization[169]:

d
dp;Q = ar (1_ - )CXP{_%? cs0 (p — c;pgcos® 0) | . (4.4)

Py =6 B
The form of the parameterization was deduced empirically in an early survey of p-Be induced

production measurements. The parameterization is fit to the data sets simultaneously using
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—— HARP Kinematic Coverage
—— Eg10 Kinematic Coverage

0 (mrad)

Figure 4.3: n phase space covered by HARP and
Eog10 measurements. The 2D density plot illus-
trates the rate of 1" produced in primary p-Be
interactions that decay into neutrinos that inter-
sect with the MiniBooNE detector. The rateis in
arbitrary units; red indicates a higher rate, blue
lesser. The black and red rectangles indicate the
coverage of the HARP and Eg10 experiments,
respectively. Figure adapted from Ref. [154] p. (GeV/c)

a least-squares fit. The fit procedure includes parameters allowing the normalization of each
data set to float freely; the fitted data normalizations did not exceed their quoted uncertainty.
Because of a strong correlation between ¢, and other parameters, it is fixed to unity for the
nt fit. The parameter c,, which is effectively a production threshold, is fixed to unity for
both pion fits. The results of the fit appear in Table 4.1; the fits are compared to HARP data
in Figure 4.4.

K* Production

K™ production contributes to the high-energy v, flux and is a significant source of v, via
the K, decay mode. Copious data exist for K™ production[170-176]; unfortunately, none
of it is at Booster beam momentum (9.5 GeV/c < p, < 24 GeV/c). A different parameteri-
zation — Feynman scaling —was found to perform better than Sanford-Wang over the wide
range of beam momenta. This parameterization is born out of the Feynman scaling hypoth-

esis, which proposes that the invariant cross section (E X do/d*p) is a function of only the

Meson ¢ C Cy C, Cs Co ol Cg Co

it 220.7 1.080 1 1.979 1.32 5.572  0.0868 9.686 1
T 213.7 0.93785 5.4537 1.2096 1.2836 4.781 0.073383 8.3204 1
K° 15.13 1.975  4.084 0.9277 0.7306 4.362 0.0479 13.3 1.278

Table 4.1: Fitted Sanford-Wang parameters for 1 and K° production. The listed parameters are defined
in Eq. (4.4). The corresponding covariance matrices can be found in Ref. [154]
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Meson ¢, C Cy C, Cs Co ol

K" 11.70 0.88 4.77 1.51 2.21 2.17 151

Table 4.2: Fitted Feynman scaling parameters for K+ production. The parameters are defined in
Eq. (4.6). The corresponding covariance matrix can be found in Ref. [154]

transverse momentum of the outgoing meson, p,, and the Feynman scaling variable,
cM
Pi

Xp = (4.5)

CM
max py
xr is the longitudinal momentum of the produced particle in the center-of-mass frame nor-
malized to unity at a particular beam momentum. The parameterization was constructed in

such a way as to capture the expected features of the cross section:

2

do _r
dpdQ  E

¢,(1 — |xp|) exp[—c.py — c3lxe™ — cspt — ¢ |pxe]] . (4.6)

The parameterization is fitted to the data simultaneously. The result appears in Table 4.2 and

Figure 4.5.

K° Production

K® are a concern primarily because the K¢, decay mode is a source of v.. To a far lesser extent,
K° produce v as well. In any case, the production of K° occurs at a substantially reduced
rate relative to pions and even K™. The body of useful K° production measurements consists
of those made by the Eg10 collaboration at p, = 12.3 and 17.5 GeV/c and by Abe et al.[177] at
KEK atp, = 12.3 GeV/c. These data are subject to the same Sanford-Wang parameterization
as the charged pion data. c, is left unconstrained for this fit. Though they do not explicitly
cover the very forward direction (which is of particular importance since K° are not focused
by the horn), the data suffice to constrain the parameterization in that region. The results of

the fit can be found in Table 4.1.

K, p, &, n Production

The simulation of K™~ production suffers from a dearth of measurements. The lack of data

is of little consequence though, since the contribution of K~ decay to the neutrino flux is
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K* Production Data and Fit (Scaled to Py, = 8.89 GeV)
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Figure 4.5: KT production cross section measurements used in simulation. The cross section measure-
ments are presented in bins of kaon angle. Each measurement has been scaled to p; = 8.89 GeV/c
under the Feynman scaling hypothesis to allow an equitable comparison. The best-fit Feynman scal-
ing parameterization (solid line) and its uncertainty band (dashed lines) are included for comparison
as well.

expected to be insignificant. The K~ production cross section tables as well as those for sec-
ondary p and n production are generated using the MARS[178] hadronic interaction Monte

Carlo.

4.1.3 Meson Decay

The neutrino flux arises from the decay of the secondary mesons. GEANT4 incorporates the
n®, K*°, and p* lifetimes as well as many of the relevant decay modes and their branching

ratios. In addition to the default decay modes, we include the highly-suppressed n* —
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Vu Vu Ve Ve

Neutrino Mode 03.6% 5.86% 0.52% 0.05%
Antineutrino Mode 15.71% 83.73% 0.2% 0.4%

Table 4.3: Flavor and sign composition of the Booster neutrino beam.

e" +veand n~ — e~ + V. modes. Also, the branching ratios for kaon decays have been
updated with Particle Data Group values[117]. For the most part, the decay kinematics are
handled by GEANT4 routines. The exceptions include the neutrino energy distribution in
three-body decays, viz. muon and kaon decays, as well the angular distribution of neutrinos
in muon decays. The latter exception is necessary because GEANT4 does not account for
the spin polarization of the muon. Details concerning these exceptions can be found in

Ref. [154].

4.1.4 Neutrino Flux

The resulting prediction of the flux of neutrinos through the MiniBooNE detector appears
in Figure 4.6. The composition of the beam according to neutrino flavor and sign appears
in Table 4.3. The flux of v, and v,, with the horn in both neutrino mode and antineutrino
mode is overwhelmingly due to the production of n* in primary p-Be interactions. At high
energies (Ey, 2 3 GeV), K decay is largely responsible for the production of v,. Because
K~ production is suppressed relative to K* production, the analogous situation does not
occur vis-d-vis v, production. The production of wrong-sign neutrinos —antineutrinos in
neutrino mode and vice versa—in antineutrino mode is particularly notable. Whereas the
wrong-sign contamination is comparatively slight in neutrino mode, it is substantial in an-
tineutrino mode. The relative rates of K~ production and K* production account for the
contamination at high energy. At low energy, the contamination can be attributed to the
diminished ability of the horn to defocus n™, which have a harder momentum spectrum
and are more forward-directed than the n~. The sources of systematic uncertainty in the

flux prediction will be discussed in §8



4. SOFTWARE 104

1079

11

10710

-IO—'I'I

.IO—'IZ

10713
1079

PERTT, ST

10—10

®(Ey) (v/cm?/GeV/POT)

10—11

1072

10713

.IO—'I'I

10712

10713
1079

PERTT, T

1010

O(Ey) (v/cm?/GeV/POT)

10711

10—12

10713

(b) Antineutrino Mode

Figure 4.6: MiniBooNE neutrino flux prediction. (a) The predicted neutrino flux at the MiniBooNE
detector with the horn running in neutrino mode. (b) The predicted flux with the horn in antineu-
trino mode. Each panel shows the contribution of each type of secondary produced in primary p-Be
interactions to the flux of each flavor and sign of neutrino.
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4.2 Neutrino Interaction Simulation

Rates of neutrino interactions in the MiniBooNE detector are predicted using version 3 of
the nuance[179] neutrino event generator. The program inputs include the neutrino flux
prediction, detector geometry, and detector materials. Considering that the MARCOL 7
mineral oil is predominately composed of long-chain, saturated alkanes, it is simulated as
CH, with a density of 0.855 g/cm3. Materials outside the detector—the source of “dirt”
events —are simulated as CH, as well but with a density matching that of the material. The
nuance software incorporates models for the cross sections of several classes of neutrino
interactions. The predicted fractional rates for the various classes of neutrino interactions
for right-sign muon neutrinos in neutrino mode and antineutrino mode can be found in
Table 4.4 at the end of this section. More details on the particular implementations of the

various interactions now follow.

4.21  (Quasi)elastic Scattering

Both charged current quasielastic (CC QE) scattering and neutral current elastic (NC EL)
scattering on free nucleons are treated in the manner described by Llewellyn Smith[180].
In the charged current case, the cross section is given by:

do®C  Gjcos® .My,

2 nS—
o = M a@) < (@)

My

(4-7)

where My is the mass of the target nucleon, 6. is the Cabbibo mixing angle, and s and u are
the usual Mandelstam variables. The sign of B is positive for neutrino scattering and negative
for antineutrino scattering. Like in Rein and Sehgal’s treatment of single pion production,
the hadronic current is is decomposed into a set of form factors. These form factors enter

into the functions A, B, and C:

AQ) = "L B — (- 1F + 10+ OF + 47FE,
N
- 4’% (B + (Fa + 2B — 41+ F) | (4.8)
B(Q) = 1< FalFy + F) +9)
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Q) = - (Fi + F, + 7F) (4.10)

NN

. . 2
Here, m; is the mass of the outgoing nucleon and 7 = 4312 . 'The conserved vector current
N

hypothesis relates the vector form factors F, and F, to their electromagnetic counterparts. It

is common then to assign a dipole parameterization to these form factors:

Fl(Qz) =

1 (1p,i,)

) (H_%)z, Fz(QZ) = %7 (4.11)

which corresponds to the assumption of an exponentially decaying charge distribution in
the nucleon. Here, y and y are the proton and neutron anomalous magnetic moments,
respectively, and my is an empirically determined parameter. We have chosen, instead, to
use the BBA-2003 vector form factors presented in Ref. [181]. These form factors assume
a general multipole form that was extracted from the relevant global scattering data. The

axial vector form factor assumes a dipole form:

FA(Q) = e N2 (4.12)
)
and the psuedoscalar form factor is related to F4 by the partially conserved axial current
hypothesis:
FoQ@) = (@) (419
P = m 1t Q A . 4.13

my is the axial mass. Like my, it can only be determined through experiment. Electropro-
duction data[182] indicate a value of 1.03 GeV/¢*, which has been commonly assumed in
neutrino interaction generators. MiniBooNE extracted a value of 1.23(20) GeV/¢*[183] for
the effective axial mass in carbon from a measurement of CC QE scattering. We assume this
value for scattering on bound nucleons in our simulation, and use a value of 1.13 GeV/¢?
(the mean of the two values) for free nucleons (hydrogen). F4(0) can be identified with the
axial coupling constant, g,, which itself can be determined via neutron beta decay (Fa(0) =
g, = —1.2694(28)[36]). Except for a missing factor of cos* 8, the cross section for neu-
tral current scattering is the same in form as Eq. (4.7); however, the form factors differ.
The neutral current form factors can be related to the charged current and electromagnetic
form factors through the structure of the electroweak current, i.e. ]f =1, —2 sin® GW]};M ,
which themselves are related by the conserved vector current hypothesis. The neutral cur-

rent form factors differ from their charged current counterparts in their values at Q* = o,
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but are otherwise parameterized in the same way. The axial vector form factor picks up an
isoscalar contribution from the strange quark contribution to the proton spin, As, which is
assumed to be zero for our simulation. The neutral current form factors are fully specified

in Ref. [184].

4.2.2 Resonant Meson Production

Resonance production (technically incoherent because of the included nonresonant back-
ground) is implemented in nuance using the Rein & Sehgal model, discussed in §2.1. At
MiniBooNE energies, the A(1232) P,, resonance constitutes the majority of resonance pro-
duction. While the R-S model initially addressed the production of single pions via bary-
onic resonances, we have extended it to include the decay of resonances into multiple pions,
kaons, rho and eta mesons, and hyperons. The value of the vector mass — My = 0.84 GeV/¢?
—was deduced from electroproduction data[185]. The assumed axial mass differs for single
pion and multi-pion production: itis 1.100(275) GeV/¢* for the former and 1.30(52) GeV/¢?
for the latter. The single pion axial mass was derived from historical fits to data[186]. The
multi-pion axial mass has not been directly measured. It was chosen so that the predicted to-
tal CC pion production cross section reproduces the available (and sparse) data. By default,
nuance decays resonances isotropically in their rest frame. In fact, the spin polarization of
the resonance generates anisotropic decays. This feature was introduced into nuance. Ad-
ditionally, the normalization of resonant NC 1nt°® production was adjusted in response to a

measurement that will be described in the following subsection.

4.2.3 Coherent & Diffractive Pion Production

The models by Rein & Sehgal and Rein discussed in §2.2 are used to model coherent and
diffraction pion production, respectively. Both assume an axial mass of 1.03 GeV/c*. The
MiniBooNE collaboration recently determined what fraction of incoherent and coherent
NC 1n° production is coherent[123]. In light of this measurement, coherent NC 1nt° in the
Monte Carlo was reduced by 35%. The rate of incoherent NC 11® was elevated by 5% to

maintain the total rate of NC 11° production.
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4.2.4 Nuclear Effects

The nuclear environment can modify the initial neutrino interaction as well as the products
of that interaction. In particular, neutrino interactions must respect energy conservation
when taking the nucleon binding energy, Eg, into account. Moreover, an interaction should
be forbidden if the target nucleon cannot transition to an unoccupied momentum state,
a phenomenon known as Pauli blocking. Nuance adopts the nuclear model of Smith and
Moniz[187] to treat these effects. In their model, the nucleus is cast as a simple relativistic
Fermi gas (RFG) at absolute zero. It follows that all momentum states are uniformly oc-
cupied up to the Fermi momentum, p.. Hence, only interactions in which the momentum
of the struck nucleon exceeds p,. are allowed. Pauli blocking generically induces a suppres-
sion of interactions at low Q*. The lowest allowable initial-state nucleon energy for a given

energy transfer, w, is
E, = \/p% + My, — w + Ep. (4.14)

In order to better reproduce MiniBooNE CC QE data, an ad hoc parameter, k = 1.019(11),
was introduced that directly scaled Ej, for CC QE interactions[183]. For carbon, Eg =
220(30) MeV and p, = 34(9) MeV. The RFG model is applied to (quasi)elastic scatter-
ing and resonance production. In the case of resonance production, the decay nucleon and
not the resonance itself is Pauli blocked.

Hadrons produced in neutrino-nucleus interactions have a high probability of interact-
ing in the nucleus before they escape. These interactions are known as final state interactions
(ESI). After the initial interaction, nuance tracks hadrons, specifically nucleons, pions, and
kaons, in 0.2 fm steps as they transit the nucleus. At each step, nuance determines the
hadron-nucleon interaction rate based on tabulated cross sections and the modeled local nu-
cleon density. A measurement of the nuclear charge distribution in carbon[188] was used
to adapt the default nuance nucleon distribution. The interactions counted include elastic
scattering and inelastic scattering with up to five particles[179]. For pions, charge exchange,
e.g. m°p — mn, and absorption on nucleons is simulated. The cross sections for these in-
teractions are tied to several external pion-nucleus scattering measurements[161, 189—191].
These data are compared to the nuance calculation in Figure 4.7. Pion absorption signifi-

cantly distorts the distribution of pions escaping the nucleus: 20% to 50% of pions produced
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Figure 4.7: nt absorption and charge exchange cross sections. The available data (points) concerning
nt (a) absorption and (b) charge exchange on carbon are compared to the nuance prediction (solid
line) and its systematic uncertainty (dotted line). The data can be found in the references cited in the
text.

at MiniBooNE are absorbed. Nuance also tracks resonances for their short lifetimes to reg-
ister A interactions that may prevent meson production, i.e. AN — NN. After propagating
all particles out the nucleus, nuance generates nuclear de-excitation photons as necessary.
These photons possess only a few MeV of energy. The FSI model is applied to all neutrino-

nucleus interactions discussed so far.

4.2.5 Electron & Deep Inelastic Scattering

Neutrino scattering on electrons is the only channel whose cross section is exactly calculable
at the tree level. It also occurs at a negligible rate at MiniBooNE energies. The tree level cal-
culations for all purely leptonic neutrino-electron scattering channels is included in nuance.
Similarly, deep inelastic scattering (DIS) is not a significant concern at MiniBooNE ener-
gies, but it does occur at an observable rate. DIS is implemented in nuance as an inclusive

channel according to the Bodek-Yang model[192].

4.2.6  Systematic Uncertainty

The nuance cross section model depends on a quite a few uncertain parameters. While the
uncertainty has already been noted in passing for some of these parameters, a substantial

discussion of the systematic uncertainties in the model will be left for §8.
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Neutrino Mode Antineutrino Mode

Channel Reaction Rate Reaction Rate

CCQE vl — Up Vp — u'n 45.6%

CCQEAZ N/A TN - A, T
NCEL VN = v,N -
CC Incoherent ¥ v,N — p~Nn* VN — utNn~
CC Coherent n* VA — pT At VA — ptAn”
CCn® v — popn’ Vup = pinm®
NC Incoherent nt° VN — v Nn° -
NC Coherent ° VA — v, AT° —
NC Vyp = vyt -
NCr- vy > v,pr- -

A K

Other Resonant ~ ©7 P = N1 -
IS VN = v,X, X -

Table 4.4: Fractional rates of neutrino interactions according to nuance. The rates of v, interactions in
neutrino mode and v, interactions in antineutrino mode are given as a fraction of the total rate for
that neutrino species. The rate is indicated both numerically and graphically via the gray bar. The rates
are calculated using the predicted neutrino fluxes discussed in the previous section. For the "Other
Resonant” category, the reactions are not given. Instead, the non-leptonic final state products are
listed since the reactions are numerous. Coherent NC n® production includes diffractive production
on hydrogen, which makes up 14-16% of the category. In the listing of antineutrino mode reactions,
“—” indicates that the reaction is identical, mutatis mutandis, to the neutrino mode reaction.

4.3 Detector Simulation

Nuance returns a list of the particles that escaped the nucleus and their kinematics for each
neutrino interaction it simulates. It is the charge of the detector simulation to model the
propagation of those particles through the detector, the subsequent emission and propa-
gation of light, and the PMT response to any collected light. This task is conducted in the
framework provided by the GEANT3 particle tracking toolkit[193].

The simulated volume includes the detector tank, the detector vault, the electronics room
above the vault, and a volume of dirt around the complex. The tank is filled CH, with a
density of 0.855 g/cm3. The simulation captures the gross geometry of the components
inside the tank, e.g. the PMT, laser flasks, tracker cubes, and optical barrier. Except for

the inclusion of the muon tracker, the detector vault and electronics room are air-filled. The
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surrounding dirt is simulated as a mixture of silicon, aluminum, and oxygen.

4.3 Particle Tracking

Several improvements to the GEANT3 tracking routines were implemented to compensate
for inadequacies. The decay routine was augmented to to better model the n° Dalitz decay
(1°® — ete p) and the critically important muon decay (u — evv). The possibility of p~
capture on hydrogen was also added. An effective branching ratio of 7.77(7)% was deduced
from a measurement of the pu~ lifetime in carbon[194]. In the final change, the GCALOR
hadronic interaction package[195] supplanted the GFLUKA package, which is the GEANT3
default. The former was found to exhibit substantially better agreement with pion charge

exchange and absorption measurements than the latter.

4.3.2 Optical Model

As charged particles transit the detector, they can trigger many light-producing mechanisms.
First, if they are traveling faster than the speed of light in mineral oil, they emit Cerenkov
light. Second, they can induce certain compounds in the mineral oil to emit scintillation
light. Third, secondary light can be induced via fluorescence. GEANT3, led by a custom
model of light generation and propagation, creates optical photons as necessary and tracks
them and their interactions until they are absorbed. Naturally, an accurate model of light

generation and propagation is a pivotal element of the Monte Carlo.

Light Generation

Cerenkov Light  Cerenkov light refers to the photons spontaneously emitted by a charged
particle traveling faster than the speed of light in a medium. The light is highly directional
and depends on the speed of the particle. Specifically, the angle between the emitted photons

and the particle track, 0, satisfies:

cos = — (4.15)
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Figure 4.8: Salient fluors found in MARCOLy mineral oil. (a)The relative probability a photon of a
particular wavelength will excite a fluor. (b) The relative probability for a fluor emits a photon of a
particular wavelength. The lifetime of each fluor is indicated in (b). From Ref. [155]

where n is the refractive index of the material and f3 is the speed of the particle. The rate of

emission of photons of frequency w is given by

dN 1 6
M - 0“] (1 - ﬁznz(w)) ) (4"1 )

where a is the fine structure constant, ¢ is the charge of the particle, and n(w) is the refractive
index of the material at w, which is given by Eq. (3.4) in turn. After an examination of the

calibration samples, the overall amount of Cerenkov light was scaled by a factor f = 1.106.

Fluorescence Fluorescence is the stimulated emission of light wherein an absorbed pho-
ton induces a transition to an excited molecular state that then de-excites by emission of
another photon, which is typically lower in energy. The emission occurs isotropically. The
fluorescence of the mineral oil was examined in ex situ studies using both steady-state and
time-resolved techniques. The oil sample is subject to a constant light source in the for-
mer case and a quick pulse of light in the latter case. The lifetimes and emission spectra
of individual excited states (known as fluorphores or fluors) are accessible in time-resolved
measurements. These measurements found four unique fluors with lifetimes ranging from
1 ns to 34 ns. Their absorption and emission spectra appear in Figure 4.8.

Since the PM'T8 are not sensitive to photons with wavelengths below 280 nm, the sim-

ulation does not consider photons with wavelengths below 250 nm. However, these far-
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ultraviolet (UV) photons are not entirely innocuous. Because of the broad absorption and
and emission spectra of the fluors, fluorescence can essentially convert a UV photon into
one detectable by the PMTS. The only source of these photons is Cerenkov radiation. Since
light of this wavelength is quickly attenuated (~1 cm), it is not necessary to fully simulate
these photons. Instead, the effect is modeled by generating fluorescence photons along a
particle track in direct proportion to the Cerenkov emission; the proportionality constant is
fous = 0.074 Naturally, the photons are like fluorescence photons in every way —isotropic,

delayed — but their intensity is tied to Cerenkov light.

Scintillation Light  Saturated alkanes are not the sole constituent of the mineral oil. A small
fraction of the oil consists of organic compounds with more complicated structures. Delo-
calized m-orbital electrons in these compounds are easily excited by ionizing radiation and
produce scintillation light upon de-excitation. Unlike Cerenkov light, scintillation light is
emitted isotropically. Since the de-excitation occurs over some finite lifetime, scintillation
light is also delayed. The scintillation properties of the mineral oil were studied in a neutron
beam at the Indiana University Cyclotron Facility (TUCF). The scintillation yield is described
by Birks’ law:
dN A

- = ) (4.17)
)

() (L8

Poit
with A = 31.64 Mev ™', B, = 0.014 MeV'g/cm?, B, = 0 MeV?g* /cm*. The last coefficient
is a placeholder that permits a study of systematic uncertainty. Birks’ law was designed to
explain an observed saturation effect wherein the scintillation yield approached an asymp-
totic value even as the energy deposited is increased. The spectrum of scintillation light
was not successfully measured at [IUCE An ad hoc model was introduced in which the same
mechanism behind fluor 4 was also responsible for the scintillation light and so the spec-
trum and delay of the scintillation light should match that of fluor 4. While there is little
theoretical evidence that this model ought to be true, it was found to sufficiently replicate

the calibration data.
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In mineral oil, photons can scatter elastically (Rayleigh scattering) or inelastically (Raman
scattering), induce fluorescence, or simply be absorbed. Each of these processes contribute
to the extinction of light in the detector. The rate at which these processes occur is charac-
terized by the extinction length, which is equivalent to the mean free path. The measured
and inferred extinction lengths for each process appears in Figure 4.9. A description of the

measurement of certain optical processes appears in Ref. [196].

Scattering Rayleigh scattering refers to the elastic scattering of light off density fluctu-
ations in the medium. The absolute rate of scattering as well as its angular distribution
were measured for each combination of incident and scattered polarization at wavelengths
of 442 nm and 5§32 nm. The rate of scattering was extrapolated to all other values using the
known A* dependence of Rayleigh scattering. The inelastic scattering of photons —Raman
scattering — is loosely related to fluorescence in the sense that the emitted photon does not
necessarily have the same energy. However, in Raman scattering, the incident photon ex-
cites rotational and vibrational states so the excitation can occur for incident photons of any
wavelength. The difference between the frequencies of the incident and emitted photons is
a constant. Raman scattering was studied alongside fluorescence in the steady-state mea-

surements described earlier. The wavenumber shift was found to be 2890 cm™ and Raman
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scattering was determined to be responsible for 5% of the total scattering.

Fluorescence The fluorescence described in the discussion of light generation can also be
counted as an extinction mode. The corresponding inverse excitation lengths appear in Fig-

ure 4.9.

Absorption At wavelengths below 340 nm, the total extinction length was measured with a
10 cm sample of oil in a spectrophotometer. The total extinction length at longer wavelengths
were extrapolated from a measurement of ~25 m at a wavelength of 460 nm. The difference
between the total extinction rate and the sum of the individual modes of extinction was

attributed to absorption in the oil.

Reflections Reflections are incorporated into the model as well. Reflective surfaces in the
main region include the optical barrier and PMT globes. In the veto region, they include the
PMT restraints in addition to the PMT globes and the tank walls. The interior of the main
region was painted with low-reflectivity, black paint, while the veto region was painted with
highly-reflective, white paint. The albedo of these surfaces was measured in air and input

into the simulation.

Photoelectron Production GEANT3 tracks photons until they are absorbed. Some photons
will terminate on the PMT photocathodes and produce photoelectrons. Two characteristics
of the PMTs govern the number of photoelectrons produced: the angular acceptance and
the quantum efficiency. For Model R5912 PMT, the quantum efficiency was measured by
the manufacturer. Michel calibration data suggests that the ratio of the quantum efficiency
of the Model R1408 PMT to the Model Rs912 PMTS is 0.83. The angular acceptance was

measured under controlled conditions before the PMTs were installed.

In all, thirty-five parameters define the optical model. The timing of hits in laser flask
events is quite sensitive to the parameterization of scattering and reflections in the optical
model. In Figure 4.10, the Monte Carlo prediction of this distribution is compared to data.
The substantially better agreement when scattering and reflection are included in the sim-

ulation is obvious. In a similar manner, many parameters of the optical model were tuned
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Figure 4.10: PMT hit timing in laser flask events under optical model variations. The plot is set at an ar-
bitrary scale. The prominent peak at zero time corresponds to prompt hits. The peak that precedes it
and those that follow it are due to pre-pulsing and late-pulsing (imperfect PMT responses), respec-
tively. The result of the Monte Carlo including scattering and reflections (blue line), only scattering
(green line), and neither (red line) are compared to the date (points). The addition of each feature
improves agreement among late hits. The plot represents only model R1408 PMT5; the result for
model R5912 PMTS is similar.

to observables derived from the available calibration samples listed in §3.2.4. For a few pa-
rameters, the ex situ measurements provided the best constraint. Once again, the discussion

of systematic uncertainty will be reserved for Chapter 8.

4.3.3 PMT Response & DAQ

After GEANT3 has completed its tracking duties, the number of photoelectrons produced at
each PMT is passed on to the PMT response and DAQ simulation.

The stochastic nature of PMTS smears the time at which the charge arrives at the an-
ode. Beyond this intrinsic resolution, the pre-pulsing and late-pulsing phenomena further
degrade the PMT timing. Pre-pulsing is thought to be caused by the initial photoelectron
skipping the first dynode in the amplification chain, while late-pulsing is due to a spurious
electron wandering around the PMT and inducing a second cascade after the fact. These
features can be seen in Figure 4.10. The timing probability density functions (pdf ) for each
PMT were individually recorded before the PM'Ts were installed. A time is drawn from these
pdfs for each impinging photon.

The charge pdfs for each model of PMT are straightforwardly recovered from the raw

charge distribution for the prompt hit sample in laser flask events. A charge is randomly



4. SOFTWARE 117

drawn from the appropriate pdf for each photon.

A triangular pulse that respects the drawn time and charge is constructed for each photon
and the triangular pulses are summed. The summed pulse is then passed through the same
digitization procedure described in §3.2.3. Thus the format of the output of the Monte Carlo

is identical to data.

4.3.4 Strobe Overlay

So far, the detector Monte Carlo addresses only beam induced events. The data collected
by the “strobe” trigger (§3.2.3) serve to flesh out the rest of the simulation. Recall that
the strobe trigger collects random beam-off events at a regular frequency. These events are

directly superimposed on the Monte Carlo output to simulate external activity.

4.4 Reconstruction

The data collected for each neutrino event are not particularly useful in their raw form.
Higher level, physical variables must be teased from the data. This process is known as
reconstruction. In this section, we will paint the reconstruction algorithm used in this anal-
ysis in broad strokes. For the finer points, please refer to Ref. [197].

The reconstruction algorithm relies on the premise that assuming a simple enough ge-
ometry for a particle track and knowing the light emission profile for the track, one can
calculate the probability that a PMT should be hit, the pdf for the amount of charge ob-
served on a PMT, and the pdf for the time at which a PMT is hit. The reconstruction of an
event begins with a hypothesis for the type and multiplicity of particles in it. The charge and
time pdfs are calculated for each PMT given some initial configuration of the tracks. The
likelihood of the hypothesis and track configuration is constructed by comparing what was
actually observed in the event to the prediction. If the charge pdf for PMT i, under hypoth-
esis a and track configuration X, is f*(q; i, X), the time pdf £*(¢; 1, X), the hit probability
P}, (i; X), and the observed charge and time ¢, and ¢;, the likelihood is simply the product of
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the probabilities for each observation:

£ox) = [ - PG x) T Prc i X0F (g1, %) [ L (6:4,%) (4.18)
i,unhit i hit i hit

v v
4
ce L

The quantities £7 and L} are the charge and time likelihoods, respectively. Finally, a search
is conducted in the space of possible track configurations to find the most likely configura-
tion for the hypothesis. The result of reconstruction is a likelihood for the hypothesis and the
best-fit kinematic properties of the particles in the hypothesis. The track-based reconstruc-
tion can quickly become unwieldy for hypotheses involving numerous particles. To keep the
computations feasible and the maximization well-behaved, hypotheses are usually limited
to the dominant particle in an event. At the moment, Eq. (4.18) is perfectly abstract. It is

made concrete by explicitly constructing, Py, f,*, and f* for the possible hypotheses.

4.4.1 Electron & Muon Hypotheses

Both the electron and muon hypotheses assume a single particle track defined by seven pa-
rameters: X = (o, Xo, Y, %0, 0o, ¢, Eo). The first four parameters are the four-vertex, the
next two are the direction with the polar axis identified with the beam axis, and the last is

the energy.

Charge Likelihood

The charge observed on a PMT is a Poisson-distributed variable. If the mean expected charge
on PMT iis uf, then
Ppie(1: X) = 1 — exp[—p*(X)] . (4-19)
Similarly, the observed charge pdf, f*, is parameterized only by u®, i.e. f7(q;;i,X) =
f,(q;; pf(X)). The pdf is solely a property of the PMT. An example distribution appears
in Figure 4.11. Hence, the determination of the charge likelihood reduces to predicting the
expected mean charge on each PMT.
The expected charge on a PMT is sensitive to the orientation of the track and how
light is emitted along it. The reconstruction algorithm considers contributions from di-

rect Cerenkov and scintillation light as well as indirect light from scattering and reflections.
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The direct light emission profile of a track can be factored into the total light yield, ®(E,),
the unit-normalized emission distribution along the length of the track, p(s; E,), and the
azimuthal distribution of light about the track, g(cos 8, s; E,). The emission profiles are
functions of the distance along the track, s. The azimuthal distribution is normalized to
unity for fixed s. These profiles do not try to capture stochastic variations in the particle
tracks, e.¢g. muon range straggling or the numerous individual tracks that comprise an elec-
tromagnetic shower. Rather, the average profile for a given particle of a given energy is
assumed. The profiles are constructed using the detector Monte Carlo. Figures 4.12 & 4.13
depict example emission distributions. The light reaching any PMT is found by integrating
the contributions from each direct source along the length of the track while taking into
account geometrical factors, the transmittance of the oil, and the angular acceptance of the
PMT

The amount of observed indirect light must be proportional to the amount of emitted
direct light. It can depend only on the position where the source light was emitted relative to
the PMT and the direction of the source light. Tables containing the fraction of indirect light
relative to direct light for Cerenkov and scintillation light as a function of these variables were
compiled from detector Monte Carlo samples and incorporated into the predicted charge

calculation.

Time Likelihood

The absolute time of a hit on PMT 1, ¢;, is not the most ideal variable to work with. The

corrected time,
‘xi - xmid| . ’xmid - x0|

ti =1t —to — , (4.20)
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Figure 4.12: Scintillation emission profiles for electrons and muons. Example emission profiles are plotted
for (a) a 300 MeV electron and (b) a 300 MeV muon. The angular profiles are not shown since
scintillation light is isotropic. From Ref. [197].
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Figure 4.13: Cerenkov emission profiles for electrons and muons. (a) Example profiles for a 300 MeV
electron. The diffuse nature of electromagnetic showers is made evident by the broad angular dis-
tribution. (b) Example profiles for a 300 MeV muon. The angular profile clearly demonstrates the
dependence between the angle of Cerenkov light and particle energy. From Ref. [197].
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where x; is the position of PMT i and x4 is the midpoint of the track, is more amenable
to reduction. It subtracts the global time of the event, the propagation time of the particle
to the midpoint of its track, and the propagation time of the light from the midpoint of the
track to the PMT. Correcting to the midpoint of the track is an approximation that has been
found to provide acceptable results.

The corrected time pdf, £, has a contribution centered roughly around zero due to
prompt light and a tail due to late light. It can be divided into a linear combination of the a
prompt time pdf and a late time pdfs. The prompt pdf is treated as a Gaussian distribution,
the mean and width of which are parameterized functions of E, and the amount of prompt
light, 4, mpe- The late pdf is modeled as the sum of two exponentials with decay times of
5 ns and 30 ns convolved with a Gaussian. It is specified by the start time, the width of
the Gaussian, and the relative weight of the two exponentials. Again, these parameters are
functions of E, and the amount of late light, ;.. The valueof . is set to be 95% of the
amount of Cerenkov light. The remainder of the light is assigned to ... The family of late
and prompt pdfs is generated with the detector Monte Carlo and the parameterizations are

stored in lookup tables indexed by E,, and py,..

s prompt?

4.4.2 Two-photon & m° Hypotheses

In order to reconstruct events containing a nt°, wherein the dominant feature is two elec-
tromagnetic showers, a two-photon model must be implemented. The two tracks share a
common vertex, but have separate directions and energies. A conversion length parame-
ter that determines when the photon pair-produces is assigned to each track as well. Since
photon-induced and electron-induced electromagnetic showers are indistinguishable in the
MiniBooNE detector, the electron emission profiles are employed in the calculation. The
calculation of the likelihood is nearly identical to the one-track hypotheses. The predicted
charge on a PMT is simply the sum of the predicted charge from each track and the time
pdfis a linear combination of the time pdfs for each track. The n® hypothesis is formed by

constraining the invariant mass of the two photons,

My = \/EylEyz(l — cos 0y,), (4.21)
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to be equal to the mass of the n°.
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s What Was Measured?

efore we begin to address the analysis that was undertaken to make the title measure-

ment, we ought to first discuss precisely what was measured. This brief chapter serves

as a preface to the third part of the dissertation. We will try to carefully (perhaps too care-

fully) understand what a cross section is and then define and characterize the classes of
events for which we have measured a cross section.

Suppose two groups of particles —we will call one the incident group and the other the

target group — collide. The cross section, o, is a measure of the probability that an interaction

will occur in the collision. It has a rather simple definition:
# of Scattering Events

o = Profile Area X . . —.
# of Target Particles X # of Incident Particles

(5.1)

The profile area is the head-on area the two groups of particles share. The number of scat-
tering events is called the rate. The definition of a cross section is illustrated in Figure s.1.

o is the total cross section. Notice that it has units of area: it can be thought of as the
cross sectional size of the target. The cross section generally depends on the energy of the
particles of involved. Typically, we want to know the probability that interactions will occur
and will result in particles with specific properties, say momentum or direction. This need
can be accommodated by extending the idea of a cross section to a differential cross section.

The differential cross section,

io s )
ZX(leET7ES) —Ama (5-2)

is the marginal, differential cross section do for particles to scatter into a differential volume

of parameter space, dX at X = X’. We have explicitly included the energy dependence of the
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(a) Before collision (b) After collision

Figure §.1: Depiction of cross section. (a) Ny incident particles and N7 target particles sharing a com-
mon profile area, A, are set to collide. (b) During the collision, Ng scattering events occur. Ng is
related to the Ny, N7, and A by the cross section, o.

cross section as parameters. The total cross section can be recovered by integrating over the
domain of X.

It will be convenient to specialize our notation. In neutrino measurements, we study
the interaction of a neutrino beam with a stationary target. In this context, the quantity
® = N;/A is known as the flux. The flux is rarely monoenergetic and is usually specified as

a differential distribution 4> dE So for our purposes,

1 dNS

XX ) = Np42(E,) dXdE,

dX (X,E,). (53)

It would appear that the bulk of measuring a differential cross section is measuring the dif-
ferential rate at which interactions occur. A complication arises in the case of neutral current
scattering. Without being able to observe the outgoing neutrino in any such event, the en-

ergy of the incident neutrino cannot be reconstructed, so the differential rate as a function of

E, cannot be measured. Instead, one is limited to measuring [ dE, df(lzg (X',E,)) = %(X’ ).

Notice though that when we average the cross section weighted by the differential flux

do 1 Ao , do 1 dNs
<E>®(X/) de/ d(D (E) /dEvE@ )E((XipEv> = N0 dX (X)), (5-4)

VdE,

the energy-dependence of the rate is integrated out. Additionally, the flux-averaged cross
section, as it is called, depends on only the total flux and not the differential flux. When

studying neutral current interactions, only flux-averaged cross sections can be measured.
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Infinities are still out of our reach and so the expressions we have for the cross sections
are idealized in the respect that they encompass differential quantities. In a real experiment,
we approximate the differential rate by counting the number of interactions that scatter into
a small but finite volume of parameter space, Q2. This quantity is just the average of the
differential rate over Q:

AN
AX

o Ns(Q) - 1 dNS . dNS
) = o a0 = (%), oY

The corresponding finite approximation to the cross section is

do Ao 1 AN
VX eQ,{—) (X))~ { — = S (5.6)
ax /,, AX /o,  N® AX |,
Measuring the cross section over the domain of X is simply a matter of measuring 45 } o on

a partition {(;} that covers the domain of X.

Now knowing the the general idea behind measuring a cross section, we turn to desig-
nating exactly which interactions were counted as signal for this measurement. Two signal
classes were addressed in the analysis. The first is the basis for the principal work of this

dissertation.

Definition 5.1. Inclusive NC 1t° events consist of all neutral current neutrino interactions in which

one and only one m° and no other mesons exits the struck nucleus.

0”

When not explicitly specified, “NC 1m°” production refers to inclusive production in
this document. Definition 5.1 was constructed to minimize the influence of uncertain mod-
els on the measurement. By defining a signal based on the observable products leaving the
nucleus, we preclude the need to introduce an FSI model to predict what happened at the
neutrino interaction vertex. The definition is also of greater utility to experiments seek-
ing to constrain backgrounds, who are unconcerned about the particular mechanism of n°
production within the nucleus. The NC 1m° measurement conducted at K2K[148] used the
same definition, while the measurement made by the SciBooNE collaboration[149] relaxed
the requirement that only one n° be emitted from the struck nucleus. The difference be-

tween the two definitions is slight at MiniBooNE: NC 11° production accounts for 96% of

all NC n° production in neutrino mode and 98% in antineutrino mode.



5. WHAT WAS MEASURED? 127

Table 5.1: Composition of inclusive NC

1m® signal. The table gives the frac- Channel Vu Vy  Channel M Vi

tional contribution of various exclu-  NC 17r° 94% 97% NC Elastic 2% < 1%
sive neutrino interaction channels, as Incoherent  77% s9%  Multi-7r < 1% < 1%
predicted by nuance, for both v, in Coherent  17% 38% DIS < 1% < 1%
neutrino mode and v, in antineutrino NC 7+ 2% 2% K, p,nProd. < 1% < 1%

mode.

Since the definition includes FSI as a source of n° production, neutrino interactions
which do not initially produce a m° may be counted as signal. For example, the charged
pion produced in an NC n* interaction can undergo charge exchange in the nucleus and
only the resulting 7° will be observed emerging from the nucleus. Similarly, the recoil nu-
cleon in an NC elastic interaction can produce a 7° as it scatters in the nucleus. We count
interactions in which the neutrino interaction directly produces a n°, viz. the incoherent and
coherent modes of production discussed in Chapter 2, as exclusive NC 1m° production. Not
all exclusive production is categorized as inclusive production. Should the n° be absorbed in
the nucleus in an exclusive interaction, the event will not count. The makeup of the inclusive
sample in terms of exclusive channels is given in Table 5.1 and its behavior as a function of
the momentum of the produced n° is illustrated in Figure 5.2.

Exclusive production accounts for the vast majority of NC 11t°® production; the contribu-
tion from NC nt* and NC elastic events through FSI is small. The most distinct difference
in the signal composition between neutrino and antineutrino modes is the amount of co-
herent NC 1m° production versus incoherent. The incoherent cross section is predicted to
be smaller for antineutrinos while the axial-dominated coherent cross section is expected
to remain relatively unchanged. The larger coherent fraction makes antineutrino mode data
more amenable to studies of coherent production.

The second class of signal events is simply those events involving incoherent exclusive
NC 11° production. Since it is implied, the “exclusive” label will hereafter be dropped in

references to incoherent and coherent NC 11° production.

Definition 5.2. Incoherent NC 1m°® production includes all events instigated by an incoherent NC

17t° interaction, as described in §2.1, at the neutrino interaction vertex.

In contrast with the inclusive measurement, the incoherent production measurement is
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Figure 5.2: Composition of inclusive NC 11t° events as a_function of 1° momentum. (a) Monte Carlo
predicted composition of v, induced signal events in neutrino mode. (b) Composition of v, induced
signal events in antineutrino mode. Note the marked increase in the coherent fraction in antineutrino
mode, especially at high momentum.

deeply model dependent. We are required to deduce what happened at the neutrino inter-
action vertex based on what was observed leaving the nucleus. Since many n® are absorbed
in the nucleus, we must invoke an FSI model to account for events in which no nt° was
observed exiting the struck nucleus. Since the reconstruction algorithm disregards any out-
going nucleons, coherent and incoherent NC 11° production are indistinguishable in the
MiniBooNE detector on an event-by-event basis. And so any measurement of incoherent
NC 11° production will rely heavily on a model of coherent NC 11° production to subtract
those background events.

The signal described in Definition 5.1 is the focus of this dissertation. Differential cross
sections for inclusive NC 11° production were measured as functions of the 1° momentum
(p,..) and the angle of the n° relative to the beam (cos 0). The cross sections were mea-
sured for v,-induced production with the Booster neutrino beam in neutrino mode and
vy-induced production with the beam in antineutrino mode. The signal described in Defi-
nition 5.2 was studied with the intent of producing a measurement that could be compared
to those made in the past; its purpose is mainly a legacy one. Only the total cross section

for incoherent production was measured.

Cl



6 Event Selection

s we saw in the prior chapter, the business of measuring a cross section consists chiefly
A of counting how many interactions of the type being sought occur. In this chapter, we
discuss how we sift through the set of all beam trigger events to find those of interest.

Two features of the signal events drive the selection criteria. First, they are neutral cur-
rent events. Muons produced in charged current interactions typically stop and decay. In
a charged current event, the muon produced in the interaction will decay and produce a
Michel electron. The decay produces a distinct signature in the detector; its presence is a
reliable indicator of whether the event was charged current and its absence an indicator of
whether the event was neutral current. Second, the event contains a n°. Naturally, the n°
reconstruction hypothesis ought to be more likely than the other hypotheses for events with
a °. Considering that both inclusive and incoherent NC 11° events share these two traits,
the same selection criteria are used to isolate them.

There are two ideas to keep in mind when discussing the efficacy of selection cuts: the
sample efficiency and purity. The former is the fraction of all signal events that remain in the
sample after selection cuts. The latter is fraction of the sample made up by signal events.
Since we will soon be comparing data and Monte Carlo, it will be useful to clarify certain
additional terminology. Event variables extracted from reconstruction, whether the event
is data or Monte Carlo, are naturally described as reconstructed. Likewise, for Monte Carlo
events, the true values of event variables are described as generated or true. Occasionally these

labels will be omitted, but the surrounding context should imply which variable is meant.
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Start Date  End Date  10*° POT Start Date End Date  10*° POT
2/3/2003  10/31/2005 5.579 1/19/2006  6/5/2006 0.172
10/31/2005 1/19/2006 0.050 4/9/2007 10/14/2007 0.972
10/14/2007 4/8/2008 0.832 4/8/2008  9/2/2008 1.061
9/2/2008  6/11/2009 1.477
Total: 6.461 Total: 3.682
(a) Neutrino mode (b) Antineutrino mode

Table 6.1: Beam running periods used in analysis. The start date, end date, and POT collected are listed
for each beam running period contributing to the analysis.

6.1 The Data

This analysis made use of data collected from three periods of neutrino mode running for
a total of 6.461 x 10*° POT (protons-on-target) and four periods of antineutrino mode
running for a total of 3.682 x 10** POT. The start and end dates of the periods are listed
in Table 6.1. Two periods of antineutrino mode running during which absorbers had fallen
into the beam decay region were excluded from the analysis. While 1.181 X 10*° POT of
data were collected during this time, the additional statistics were not worth the additional
complication of modeling the beam with the absorbers. Roughly one million beam triggers
were recorded with the beam in neutrino mode and a few hundred thousand were recorded

in antineutrino mode.

6.2 Preliminary Selection

The beam trigger (see §3.2.3) fires approximately 4.6 ps before the beam spill and persists for
19.2 us. All PMT hits occurring within the trigger window comprise a beam event. Com-
paratively simple cuts, using only PMT hit multiplicities and timing information, perform
well in isolating beam-induced, neutral current neutrino interactions.

A subevent is collection of PMT hits that are clustered in time. A greedy algorithm is
used to find clusters. It begins with the earliest hit that has not been assigned to a subevent

or ruled out from being a member of a subevent. If the subsequent hit is within 10 ns of



6. EVENT SELECTION 131

— T
[ VN — p= N —_— ]

200 - T=26ps > MV, =

wv 3 -
= [ ]
T B ~ -
— 150 | I\ A —
= i N W ;
o B N © -
5 [ = ™ T
o o 'CU-\ 1
5 100 N ]
_Q 5 -
£ B = ]
> - Q. —= 4
Z G50 wn € VeVy B _]
- E e"l‘vevH .

- = ]

- & ]

[ N l_l o § — l . . N

5 10 15
Time (us)

Figure 6.1: PMT hit time distribution for candidate CC 1t event. Three peaks clearly stand out in the
distribution. The first, which is coincident with the beam spill, is due to the initial neutrino interac-
tion. The ™ decays in tens of nanoseconds and produces a muon in the process. The muons from
the neutrino interaction and the pion decay on a much longer timescale. Their decays are responsible
for the second and third subevents.

the prior hit, it is added to the subevent. Additional hits are accumulated in the same way.
Should a hit be within 20 ns of a prior hit, but the subevent has at least 10 hits, it is added
and the accumulation is not interrupted. This contingency can be enacted only twice within
a subevent. A subevent is recorded only if it has at least 10 hits.

The majority of light from the products of a neutrino interaction is collected in tens of
nanoseconds. On the other hand, the muon lifetime (7 = 2.2 ps) is on an entirely different
timescale. Consequently, interactions producing muons, e.g. charged current interactions,
usually present as events with multiple subevents. The first is due to the initial neutrino
interaction and is coincident with the beam spill. Following subevents are due to the Michel
electron produced in stopped muon decay. The timing of PMT hits in a candidate CC n™
event is given in Figure 6.1. The two muon decays in this event are clearly visible as peaks

in the distribution. The first cut is obvious.
Cut 1. Candidates must contain only one subevent. Ngg = 1.

It eliminates ~70% of charged current events, but also ~20% of inclusive NC 11° events. By
and large, the excluded signal can be attributed to coincident cosmic ray muons entering the

detector. The subevent multiplicity distribution for the inclusive NC 17t° events is presented
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in Figure 6.2.

The next two cuts select for clean (no veto activity), beam-on, neutrino-induced activity.
Cut 2. Candidates must have fewer than six hits in the veto region. Ny, < 6.
Cut 3. Candidates must have more than 200 hits in the tank region. N > 200.

The veto hits parameter identifies events with particles entering or exiting the detector. In
the former case, it eliminates 99.987% of cosmic rays entering the detector. In the latter
case, it eliminates a substantial portion of the remaining charged current events with the
implication being that the muon is uncontained. The tank hits cut ensures that the event is
sufficiently energetic. The Michel electron spectrum stops at 52.8 MeV, which corresponds
to ~180 tank hits. Hence, Cut 3 excludes virtually all Michel electron events. Neutral current
elastic interactions, which typically result in nucleons below Cerenkov threshold, are also re-
jected with high efficiency. The veto hits and tank hits distributions for NC 11° events com-
pared to cosmic activity and Michel electrons appear in Figure 6.3. Together, these two cuts
perform exceedingly well in rejecting beam-off activity. The time distribution of subevent
times within the beam window before and after Cuts 2 & 3 is shown in Figure 6.4. Indeed,
without any explicit timing cuts, these two cuts completely isolate events coincident with
the beam spill.

The two remaining preliminary cuts are essentially procedural.

Cut 4. The timing of candidate events (average time of PMT hits in event) must coincide with the

beam spill. 4600 ns < (T) < 6200 ns.

Cut 5. Candidate events in antineutrino mode must satisfy the blindness constraint enforced by the

oscillation analysis.
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Figure 6.3: Cumulative distributions of PMT hit multiplicities in tank and veto regions. The distributions
from Monte Carlo are plotted for NC 11° events in both neutrino mode (blue line) and antineutrino
mode (green line). The regions passing cuts are indicated by the arrow. The slight difference between
the two running modes is due to the different fluxes. (a) N,k distribution for the first subevent
of events with no veto activity (Nyeo < 6). The same distribution for Michel electron candidates
in data (red line) is plotted in comparison. (b) Nye distribution for the first subevent of events
with tank activity (NT,n, > 200). The same distribution for cosmic ray muons from data (red line)
is plotted in comparison. This distribution is bimodal; the second point of inflection is caused by
muons passing through the veto shell twice.
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Figure 6.4: Timing distribution for subevents in beam trigger. The distribution of subevent times (av-
erage time over subevent) for data without any cuts (black line), with the N, cut (red line), with
the Ny cut (green line), and both cuts (blue line) are compared. With no cuts, the beam spill is
evident, but it stands atop random beam-off background. The exponential overlay is the manifes-
tation of beam-induced Michel decays. After the N, cut, these events are eliminated. After the
Nyero cut, much of the random beam-off background is rejected. After both cuts, only beam-induced
neutrino interactions remain.
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Though the N, and Ny, cuts do well in isolating beam-induced events, a timing cut is
strictly enforced. The timing cut has little effect on the makeup of the sample.

The principal charge of MiniBooNE — conducting a search for neutrino oscillation —was
performed as a blind analysis, meaning that any event that resembled a signal event (v /Ve
CC QE events) was sequestered and could not be accessed. This constraint was enforced
for all concurrent analyses on MiniBooNE, hence, Cut 5. Since the blindness constraint
had been lifted for neutrino data by the time this analysis was carried out, it applies only to

antineutrino data. Its effect is slight, eliminating ~2% of signal events.

6.3 Analysis Cuts

The preliminary cuts have left us with an enriched sample of neutral current, neutrino-
induced events. The remainder of our task is to determine which of these events contain
a m°. We appeal to the reconstruction program discussed in §4.4 to make that determina-
tion. In the first round of reconstruction, events are fit under the one-track electron and
muon hypotheses. Events that fail reconstruction, of which there are a negligible number,
are implicitly cut. Each fit returns the likelihood of the corresponding hypothesis: £, and
L. Those events satisfying log(L./L,) > —o.05 continue to the next round of recon-
struction. In the second round, events are fit under the general two-photon hypothesis and
constrained invariant mass, m° hypothesis. Once again, events failing reconstruction are
implicitly cut and, once again, the number which do fail is negligible.

The first analysis cut is a simple fiducial volume cut.

Cut 6. The vertex position of candidate events, reconstructed under the electron hypothesis, must be

within 500 cm of the center of the detector. R, < 500 cm.

It serves to preclude edge effects from entering into the sample. Beyond a radius of 560
cm, detector materials such as the PMT and the optical barrier complicate matters. Con-
sidering that the position resolution is ~50 cm, a cut at 500 cm is reasonable. As one would
expect, the cut has little influence on the purity of the sample; however, it does marginally
diminish the signal efficiency (if the signal is defined as events with true vertices in the

fiducial volume). The next cut is the first of the likelihood cuts. It reflects the idea that m°-



6. EVENT SELECTION 13§

a ———]
: . T = 0.003 .
Figure 6.5: Radial distribution of events % - ]
assing preliminary cuts. ‘'The histogram S . ]
p'SS g pre . yC“S stog T 0.002 |- —
gives the radial position taken from the 3= ¥ ]
electron hypothesis fit for neutrino data. £ - ]
. . . o $ o.00n - 7]
The arrow identifies the region satisfying = X ]
Cut 6. Barring statistical fluctuations, the 0.000 - L ]
distribution for antineutrino data is iden- ° 200 400 6oo

: Reconstructed Radial Position (cm)
tical.

containing events should more resemble electron events (diffuse rings) than muon events

(sharp rings).

Cut 7. The likelihood of the electron hypothesis must exceed that of the muon hypothesis for candidate
events. log(L./L,) > 0.0s.

The distribution of this discriminant appears in Figure 6.6. Figure 6.6 exhibits a large dis-
agreement between Monte Carlo and data. The disagreement can be attributed to a mis-
estimation of m° production rather than a failure of the reconstruction. Ref. [123] demon-
strates how correcting n° production only as function of momentum using an in situ mea-
surement yields vastly improved agreement between Monte Carlo and data in other vari-
ables. Disagreement aside, the separation between v, CC QE events and signal events is
stark. A priori, the cut should be placed at log(L./L,) = o. Instead, we consider how the
NC 11° purity and efficiency of the sample vary with cut placement. These metrics along
with their product are plotted in Figure 6.7. The purity of the sample is maximal with the
cut at log(L./L,) = 0.05. On the other hand, the product of purity and efficiency is maxi-
mized with the cut atlog(L./L,) = 0.02. However, even with the improved n® production
prediction, the disagreement between data and Monte Carlo is larger in this lower region.
Agreement also improves for the two-photon invariant mass distribution (which will soon
be described) with the tighter cut. Consequently, we choose to optimize for purity. Cut 7
eliminates nearly all remaining v, CC QE events and doubles the NC 1nt° purity.

The second likelihood cut compares the 7° and electron hypotheses.

Cut 8. The likelihood of the m° hypothesis must exceed that of the electron hypothesis for candidate
events. log(L./L,) < o.
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Figure 6.8 shows the distribution of log(L./L,). Because few electron-like events are
produced to begin with, no conspicuous separation appears in this distribution. Cut 8 serves
to reject a portion of v. CCQE events and poorly reconstructed n° events.

The final cut carries the most physical meaning among all the cuts. If two photons have

energy E,» and E,» and are separated by an angle 6,,, their invariant mass is

M,, = /E,Ey. cos 0,,. (6.1)

If an event truly does contain a n°, one would expect that the fit under the two-photon

hypothesis would yield an invariant mass consistent with the ° mass.

Cut 9. The invariant mass extracted from the two-photon fit must be close to the T° mass of 134.97
9 P 34-9

MeV/ ¢ for candidate events. 80MeV /c* < M, < 200 MeV/¢*.

The invariant mass distribution appears in Figure 6.9. It contains a prominent peak
around the m° mass. Events with no n° pile up at zero invariant mass. Virtually all events in
the ° mass peak contain a n°, although a smaller fraction are actually classified as NC 11°
events. This discrepancy is an indication that in a number of events, a n° was generated out-
side the target nucleus by the products of the neutrino interaction. While the MiniBooNE
detector performs well in isolating events containing a 7°, it cannot distinguish whether
that 1° was the result of the neutrino interaction or the interaction of its products elsewhere
in the detector (e.g. m™n — m°p). The structure of the n° mass peak is telling. The peak
due to coherent NC 11° production is centered precisely on the n° mass. Coherent NC 17m°
production is ideal in that the n° is the only particle exiting the target nucleus, and so the n°
mass is reconstructed cleanly. Incoherent NC 11° production is not as well behaved. Often
detritus, such as recoil nucleons and nuclear de-excitation photons, is produced along with
the m°. Since the reconstruction labors under a hypothesis with only two particles, it must
assign the extra visible energy to the photon tracks. So “dirtier” n° events are shifted to
higher invariant mass. This effect is demonstrated in Figure 6.9; incoherent NC 11° pro-
duction peaks higher than coherent NC 11° production and even more complicated DIS and

NC elastic events peak even higher.
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Figure 6.9: Tivo-photon fit invariant mass distribution. The distribution includes events passing all
cuts up to and including the log(L./ L0 ) cut. The location of the n° mass is marked. See Figure 6.6
for additional details.
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6.4 Cut Efficacy

The most meaningful measures of the performance of the selection cuts are the resulting
purity of the sample and the signal selection efficiency. The precise effect of each cut on
each exclusive neutrino interaction channel can be found in Tables 6.2-6.5. In these tables,
the fraction of each channel remaining after each cut and the fraction of the event sample
comprised by each channel after each cut are listed. Hence, the values listed under the “Incl.
NC 11°” heading correspond to the NC 11°® purity and efficiency.

The preliminary cuts boost the purity from its initial value of ~5% to ~30%, due in large
part to the action of the subevent and tanks hits cuts. The analysis cuts further improve the
purity to ~75% for neutrino mode events, but only ~60% for antineutrino mode. This
dichotomy is the result of the large contamination of wrong-sign neutrinos in antineutrino
mode. Strictly speaking, our signal in antineutrino mode is only v, induced NC 17° events,
thus v, induced are background. The gross work is done by the log(L. /L) cut with further
refinement provided by the invariant mass cut.

To avoid the geometric penalty incurred by the fiducial volume cut, the efficiency is mea-
sured relative to signal events generated in the fiducial volume and not the entire detector
volume. In both neutrino and antineutrino mode, the final selection efficiency is ~36%.
The subevent and log(L./L0) cuts are notable offenders; each cause the loss of ~20% of
signal. In the former case, the losses are governed by Poisson statistics. In the latter case,
we opted for a tighter cut to optimize for purity rather than efficiency.

Generally, the purity and efficiency vary with the kinematic properties of events, to wit
Poo and cos 00, The variation in the efficiency, as predicted by Monte Carlo, over the range
of p_, and cos 0. is depicted in Figures 6.10 & 6.11. For most of the cuts, the change in the
efficiency has a flat momentum dependence. The two cuts that most dramatically change
the shape of the efficiency are the veto hits cut and the log(L./L,) cut. The loss of sig-
nal at high momentum due to the veto hits cut is an indication of the loss of containment.
In antineutrino mode, high-momentum events are more likely to be contained; however,
the reconstructed positions of those same events are more likely to drift out of the fiducial
volume and so the events fall victim to the fiducial volume cut. Low-momentum nt° are par-

ticularly troublesome for the reconstruction package, whose power to determine whether



Incl. NC 11t°

Incoh. NC 17°

Coh. NC 1rt°

NCn™

NC Nn

NC Meson

NCEL

NC DIS

None

NSE =1

NVcto <6

NTank > 200

(T) € [4600, 6200] ns
Blindness

Good 1T Fits

R. < 500 cm
log(Le/Ly) > 0.05
Good 2T Fits
log(Le/Ly) <o

M,, € [80,200] MeV/c?

4.6% (0.1)%
8.9% (0.2)%
12.0% (0.3)%
28.5% (0.7)%
28.5% (0.7)%
28.5% (0.7)%
29.2% (0.7)%
26.7% (0.6)%
60.1% (1.5)%
60.1% (1.5)%
61.3% (1.5)%
73.0% (1.7)%

5.4% (0.1)%
9.9% (0.2)%
15.0% (0.3)%
24.3% (0.5)%
24.3% (0.5)%
24.3% (0.5)%
24.9% (0.5)%
23.1% (0.5)%
47.7% (1.0)%
47.7% (1.0)%
48.7% (1.0)%
57.7% (1.1)%

0.9% (0.0)%
1.7% (0.1)%
2.5% (0.1)%
5.1% (0.2)%
5.1% (0.2)%
5.1% (0.2)%
5.2% (0.2)%
4.8% (0.2)%
10.8% (0.5)%
10.8% (0.5)%
10.9% (0.5)%
13.1% (0.6)%

3.6% (0.1)%
5.0% (0.1)%
8.1% (0.2)%
8.1% (0.2)%
8.1% (0.2)%
8.1% (0.2)%
8.2% (0.2)%
8.2% (0.2)%
8.1% (0.2)%
8.1% (0.2)%
8.1% (0.2)%
7.9% (0.1)%

0.8% (0.0)%
0.8% (0.0)%
0.8% (0.0)%
1.8% (0.1)%
1.8% (0.1)%
1.8% (0.1)%
1.9% (0.1)%
1.7% (0.1)%
3.7% (0.1)%
3.7% (0.1)%
3.9% (0.1)%
2.8% (0.1)%

0.3% (0.0)%
0.4% (0.0)%
0.4% (0.0)%
0.9% (0.0)%
0.9% (0.0)%
0.9% (0.0)%
0.9% (0.0)%
0.8% (0.0)%
1.9% (0.0)%
1.9% (0.0)%
2.0% (0.0)%
1.2% (0.0)%

16.7% (0.4)%
25.2% (0.5)%
47.9% (0.9)%
6.3% (0.1)%
6.2% (0.1)%
6.2% (0.1)%
6.4% (0.1)%
6.6% (0.1)%
4.5% (0.1)%
4.5% (0.1)%
4.5% (0.1)%
4.6% (0.1)%

0.4% (0.0)%
0.4% (0.0)%
0.3% (0.0)%
0.7% (0.0)%
0.7% (0.0)%
0.7% (0.0)%
0.7% (0.0)%
0.6% (0.0)%
1.6% (0.0)%
1.6% (0.0)%
1.7% (0.0)%
0.9% (0.0)%

cCn®

cCn*

CC Nn

CC Meson

CCDIS

CC QE

A — Ny

None

NSE =1

NVeto <6

Nrank > 200

(T) € [4600, 6200] ns
Blindness

Good 1T Fits

R, < 500 cm
log(Le/Ly) > 0.05
Good 2T Fits
log(Le/Ly) < 0

M,, € [80,200] MeV/¢*

5.5% (0.1)%
4.1% (0.2)%
1.7% (0.1)%
3.9% (0.2)%
3.9% (0.2)%
3.9% (0.2)%
3.9% (0.2)%
3.7% (0.2)%
4.7% (0.5)%
4.7% (0.5)%
4.9% (0.4)%
2.8% (0.2)%

21.9% (0.3)%
11.2% (0.3)%
4.6% (0.2)%
10.2% (0.5)%
10.2% (0.5)%
10.2% (0.5)%
9.8% (0.5)%
10.0% (0.4)%
5.7% (1.0)%
5.7% (1.0)%
5.9% (0.8)%
3.6% (0.4)%

1.3% (0.0)%
0.8% (0.0)%
0.3% (0.0)%
0.7% (0.1)%
0.7% (0.1)%
0.7% (0.1)%
0.7% (0.1)%
0.7% (0.0)%
1.3% (0.1)%
1.3% (0.1)%
1.3% (0.1)%
0.7% (0.1)%

0.6% (0.0)%
0.4% (0.0)%
0.1% (0.0)%
0.3% (0.0)%
0.3% (0.0)%
0.3% (0.0)%
0.3% (0.0)%
0.2% (0.0)%
0.6% (0.1)%
0.6% (0.1)%
0.6% (0.1)%
0.2% (0.0)%

1.0% (0.0)%
0.6% (0.0)%
0.1% (0.0)%
0.2% (0.0)%
0.2% (0.0)%
0.2% (0.0)%
0.2% (0.0)%
0.2% (0.0)%
0.5% (0.1)%
0.5% (0.1)%
0.5% (0.1)%
0.2% (0.0)%

39.5% (0.8)%
36.8% (1.0)%
15.5% (0.6)%
33.9% (1.4)%
33.9% (1.4)%
33.9% (1.4)%
33.2% (1.4)%
36.0% (1.3)%
2.1% (2.7)%
2.1% (2.7)%
2.0% (1.5)%
0.8% (0.6)%

0.1% (0.0)%
0.1% (0.0)%
0.1% (0.0)%
0.3% (0.0)%
0.3% (0.0)%
0.3% (0.0)%
0.3% (0.0)%
0.3% (0.0)%
0.6% (0.0)%
0.6% (0.0)%
0.2% (0.0)%
0.1% (0.0)%

Table 6.2: Fractional composition of events remaining after each cut in neutrino mode. Events generated within the entire detector volume are included.

The contribution from v, -induced events is presented without parentheses. The contribution from V-, v.- and v.-induced events is presented
n p p M p

in parentheses. The “Nmn” categories represent resonant multi-pion production. The “Meson” categories encompass all other resonant meson

production. The “A — Ny” category represents radiative delta decays.
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Incl. NC 11° Incoh. NC 11®  Coh. NC 1nt° NCnt NC Nn NC Meson NCEL NC DIS
None 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%
Nsg =1 79.1% (78.9%)  76.6% (75.9%) 78.9% (80.9%) 55.7% (55.6%)  34.8% (45.2%) 50.9% (42.4%) 69.8% (65.7%) 38.0% (41.3%)
Nyeww < 6 66.3% (66.5%) 67.6% (67.0%) 68.0% (71.1%)  52.9% (52.2%)  25.5% (35.0%) 36.4% (28.7%) 67.2% (62.4%) 21.2% (26.1%)
Ntank > 200 65.0% (65.4%) 48.1% (47.5%)  58.8% (62.2%)  25.1% (24.5%) 25.0% (34.4%) 36.2% (28.7%) 4.2% (2.6%) 20.8% (25.9%)

(T) € [4600, 6200] ns
Blindness

Good 1T Fits

R. < 500 cm
log(Le/Ly) > 0.05
Good 2T Fits
log(Le/Ly) <o

M,, € [80,200] MeV/c?

64.0% (64.4%)
64.0% (64.4%)
64.0% (64.4%)
62.6% (63.2%)
41.2% (42.0%)
41.2% (42.0%)
40.2% (40.8%)
35.9% (36.0%)

47.4% (46.7%)
47.4% (46.7%)
47.3% (46.7%)
46.3% (45.8%)
28.0% (28.0%)
28.0% (28.0%)
27.4% (27.3%)
24.4% (23.7%)

57.7% (61.3%)
57.7% (61.3%)
57.7% (61.3%)
56.6% (60.4%)
37.0% (40.1%)
37.0% (40.1%)
35.9% (38.8%)
32.5% (35.0%)

24.7% (24.2%)
24.7% (24.2%)
24.4% (23.9%)
23.8% (23.2%)
7.2% (6.8%)
7.2% (6.8%)
6.8% (6.5%)
5.0% (4.5%)

24.6% (34.0%)
24.6% (34.0%)
24.3% (33.9%)
22.6% (31.3%)
15.1% (19.9%)
15.1% (19.9%)
14.9% (19.8%)
8.1% (10.4%)

35.6% (27.1%)
35.6% (27.1%)
35.5% (26.9%)
32.4% (23.4%)
22.3% (17.5%)
22.3% (17.5%)
22.0% (17.5%)
9.6% (5.7%)

4.1% (2.6%)
4.1% (2.6%)
4.1% (2.6%)
4.0% (2.6%)
0.8% (0.5%)
0.8% (0.5%)
0.8% (0.5%)
0.6% (0.4%)

20.5% (25.5%)
20.5% (25.5%)
20.5% (25.5%)
18.7% (22.9%)
14.4% (15.0%)
14.4% (15.0%)
13.7% (14.6%)
5.6% (6.1%)

CcCn® cCcnt CC Nn CC Meson CCDIS CCQE A — Ny
None 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%
Nsg =1 21.3% (40.6%) 12.8% (35.0%) 16.6% (33.3%) 18.1% (37.3%) 15.7% (30.1%) 30.2% (47.7%) 62.7% (33.8%)
Nvyewo < 6 7.7% (16.9%)  5.1% (15.9%)  6.4% (15.8%) 4.6% (19.6%) 2.4% (14.0%) 9.8% (19.6%)  48.6% (8.3%)
Nrank > 200 7.5% (16.8%)  4.9% (15.9%)  6.2% (15.7%)  4.6% (19.6%) 2.4% (14.0%)  9.1% (18.9%)  45.2% (8.0%)

(T) € [4600, 6200] ns
Blindness

Good 1T Fits

R, < 500 cm
log(Le/Ly) > 0.05
Good 2T Fits
log(Le/Ly) < 0

M,, € [80,200] MeV/¢*

7.4% (16.5%)
7.4% (16.5%)
7.1% (16.3%)
6.9% (15.4%)
2.7% (11.1%)
2.7% (11.1%)
2.7% (9.6%)
1.2% (3.0%)

4.9% (15.6%)
4.9% (15.6%)
4.5% (15.5%)
4.4% (14.8%)
0.8% (10.1%)
0.8% (10.1%)
0.8% (8.0%)
0.4% (3.2%)

6.1% (15.6%)
6.1% (15.6%)
6.0% (15.4%)
5.6% (13.5%)
3.3% (11.3%)
3.3% (11.3%)
3.2% (10.9%)
1.3% (3.6%)

4.5% (19.6%)
4.5% (19.6%)
4.5% (19.6%)
4.0% (16.3%)
3.0% (12.9%)
3.0% (12.9%)
2.9% (12.7%)
0.8% (3.7%)

2.4% (13.9%)
2.4% (13.9%)
2.4% (13.9%)
2.1% (11.6%)
1.7% (9.6%)
1.7% (9.6%)
1.7% (9-3%)
0.4% (2.7%)

8.9% (18.6%)
8.9% (18.6%)
8.5% (18.4%)
8.5% (17.9%)
0.2% (11.4%)
0.2% (11.4%)
0.1% (5.8%)
0.0% (1.7%)

44.4% (7.8%)
44.4% (7.8%)
44.3% (7.4%)
44.1% (7.3%)
24.7% (2.6%)
24.7% (2.6%)
9.1% (1.4%)
2.8% (0.6%)
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Table 6.3: Fraction of each channel remaining after each cut in neutrino mode Events generated within only the fiducial volume are considered.
The contribution from v|,-induced events is presented without parentheses. The contribution from v -, ve- and V.-induced events is presented
in parentheses. The “Nmn” categories represent resonant multi-pion production. The “Meson” categories encompass all other resonant meson
production. The “A — Ny” category represents radiative delta decays.
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Incl. NC1®  Incoh. NC1n® Coh. NC 1nt° NC 7t NC Nn NC Mes. NCEL NC DIS
None 3.9% (1.7)% 3.5% (1.9)% 1.7% (0.3)%  2.3% (1.3)% 0.3% (0.4)% 0.1% (0.2)% 13.6% (5.5)% 0.0% (0.3)%
Nsg =1 7.1% (3.0)% 6.1% (3.3)% 3.0% (0.6)% 3.0% (1.8)% 0.3% (0.4)% 0.1% (0.2)% 17.4% (7.6)% 0.0% (0.3)%
Nvew < 6 10.5% (4.2)% 10.1% (5.3)%  4.7% (0.9)%  5.4% (3.0)% 0.4% (0.4)% 0.1% (0.2)% 35.2% (15.4)% 0.0% (0.2)%
Nrank > 200 27.3% (11.1)% 17.2% (9.6)%  10.5% (2.0)% 4.7% (3.6)% 1.0% (1.1)% 0.3% (0.6)%  2.1% (2.6)%  0.1% (0.6)%

(T) € [4600, 6200] ns

27.2% (11.1)%

17.2% (9.6)%

10.5% (2.0)%

4.7% (3.6)%

1.0% (1.1)%

0.3% (0.6)%

2.1% (2.6)%

0.1% (0.6)%

Blindness 28.0% (11.2)%  17.6% (9.7)%  10.8% (2.0)% 4.9% (3.8)% 1.0% (1.1)% 0.3% (0.6)%  2.3% (2.7)%  0.1% (0.5)%
Good 1T Fits 28.0% (11.2)%  17.6% (9.7)%  10.8% (2.0)% 4.9% (3.8)% 1.0% (1.1)% 0.3% (0.6)% 2.3% (2.7)%  0.1% (0.5)%
R. < 500 cm 26.0% (10.3)%  16.5% (9.1)%  10.1% (1.9)% 5.0% (3.8)% 0.9% (1.0)% 0.3% (0.5)%  2.4% (2.8)%  0.1% (0.5)%

log(Le/Ly) > 0.05

Good 2T Fits
log(Le/Ly) <o

50.2% (20.8)%
50.2% (20.8)%
50.5% (21.0)%

29.8% (16.5)%
29.8% (16.5)%
30.0% (16.6)%

19.7% (3.8)%
19.7% (3.8)%
19.7% (3.8)%

43% (3.3)%
4.3% (3.3)%
4.2% (3.3)%

1.7% (2.1)%
1.7% (2.1)%
1.7% (2.1)%

0.6% (1.1)%
0.6% (1.1)%
0.6% (1.1)%

1.3% (1.7)%
1.3% (1.7)%
1.3% (1.7)%

0.2% (1.1)%
0.2% (1.1)%

NOILLDATAS LNIAT "9

0.2% (1.1)%

M,, € [80,200] MeV/c*  58.1% (23.5)%  34.4% (18.5)%  22.7% (4.3)% 4.0% (2.9)% 1.3% (1.4)% 0.4% (0.6)%  1.3% (1.6)%  0.1% (0.6)%

CCn® cCnt CC Nn CC Mes. CCDIS CCQE A — Ny
None 5.0% (2.1)% 6.9% (7.9)% 0.5% (0.7)% 0.2% (0.4)% 0.0% (0.7)% 29.4% (12.9)% 1.7% (0.0)%
Nge =1 3.7% (1.7)%  5.1% (4.4)% 0.3% (0.5)% 0.1% (0.3)% 0.0% (0.4)% 25.7% (12.3)%  1.4% (0.1)%
Nyew < 6 1.1% (0.7)% 1.7% (1.7)%  0.1% (0.2)% 0.0% (0.1)% 0.0% (0.1)% 7.2% (5.3)% 0.5% (0.1)%
Nk > 200 2.8% (1.7)% 4.0% (4.2)% 0.3% (0.5)% 0.1% (0.2)% 0.0% (0.2)% 16.2% (12.6)%  1.3% (0.2)%
(T) € [4600, 6200] ns 2.8% (1.7)%  4.0% (4.2)% 0.3% (0.5)% 0.1% (0.2)% 0.0% (0.2)% 16.2% (12.6)% 1.3% (0.2)%
Blindness 2.8% (1.7)% 3.9% (4.0)% 0.3% (0.5)% 0.1% (0.2)% 0.0% (0.2)% 16.2% (11.3)%  1.1% (0.1)%
Good 1T Fits 2.8% (1.7)% 3.9% (4.0)% 0.3% (0.5)% 0.1% (0.2)% 0.0% (0.2)% 16.2% (11.3)% 1.1% (0.1)%
R. < s00cm 2.8% (1.6)% 4.1% (4.0)% 0.3% (0.4)% 0.1% (0.2)% 0.0% (0.2)% 17.8% (12.3)%  1.2% (0.1)%
log(Le/Ly) > 0.05 2.0% (2.1)% 1.4% (2.6)% 0.6% (0.8)% 0.1% (0.4)% 0.0% (0.5)%  0.3% (1.0)%  0.7% (0.1)%
Good 2T Fits 2.0% (2.1)% 1.4% (2.6)% 0.6% (0.8)% 0.1% (0.4)% 0.0% (0.5)%  0.3% (1.0)%  0.7% (0.1)%

log(Le/Ly) < 0
M,, € [80,200] MeV/¢*

2.0% (2.1)%
1.0% (1.0)%

1.5% (2.6)%
0.7% (1.3)%

0.6% (0.8)%
0.4% (0.4)%

0.1% (0.4)%
0.0% (0.2)%

0.0% (0.5)%
0.0% (0.1)%

0.2% (0.9)%
0.1% (0.3)%

0.6% (0.1)%
0.3% (0.0)%

Table 6.4: Fractional composition of events remaining after each cut in antineutrino mode. Events generated within the entire detector volume are
included. The contribution from v ,-induced events is presented without parentheses. The contribution from v -, ve- and V.-induced events is
presented in parentheses. The “Nm” categories represent resonant multi-pion production. The “Meson” categories encompass all other resonant
meson production. The “A — Ny” category represents radiative delta decays.
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Incl. NC 11t° Incoh. NC 171t° Coh. NC 11t° NCnt NC Nn NC Mes. NCEL NCDIS
None 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%
Nsg =1 79.8% (78.8%)  77.5% (76.3%)  79.1% (79.1%)  55.1% (55.8%)  46.7% (35.3%)  52.2% (49.5%) 65.0% (69.4%) 46.8% (38.9%)
Nyeww < 6 67.9% (65.2%) 69.4% (66.8%) 68.5% (67.9%) 53.0% (52.5%)  38.8% (25.1%) 37.9% (34.7%) 61.6% (66.6%) 32.2% (21.7%)
Nrank > 200 66.4% (64.1%)  47.0% (48.4%)  58.7% (59.3%)  20.2% (27.4%)  37.1% (24.8%)  37.7% (34.6%) 1.6% (4.7%) 31.2% (21.5%)

(T) € [4600, 6200] ns
Blindness

Good 1T Fits

R. < 500 cm
log(Le/Ly) > 0.05
Good 2T Fits
log(Le/Ly) <o

M,, € [80,200] MeV/c?

65.2% (63.1%)
63.3% (60.1%)
63.3% (60.1%)
62.0% (58.8%)
39.6% (38.9%)
39.6% (38.9%)
38.8% (38.3%)
35.7% (34.3%)

46.2% (47.6%)
44.7% (45.6%)
44.7% (45.6%)
43.8% (44.7%)
26.3% (26.7%)
26.3% (26.7%)
25.8% (26.2%)
23.6% (23.4%)

57.6% (58.5%)
56.3% (56.5%)
56.3% (56.5%)
55.3% (55.3%)
35.6% (36.6%)
35.6% (36.6%)
34.7% (35.9%)
31.9% (32.7%)

19.9% (26.9%)
19.4% (26.4%)
19.4% (26.4%)
19.1% (25.7%)
5.8% (7.8%)
5.8% (7.8%)
5.5% (7.5%)
4.2% (5.3%)

36.5% (24.4%)
35.6% (23.9%)
35.6% (23.9%)
33.7% (22.2%)
20.4% (14.9%)
20.4% (14.9%)
20.1% (14.8%)
12.0% (7.8%)

37.1% (34.1%)
35.9% (33.2%)
35.9% (33.2%)
32.7% (30.6%)
22.2% (20.9%)
22.2% (20.9%)
22.0% (20.7%)
10.2% (9.6%)

1.6% (4.6%)
1.6% (4.6%)
1.6% (4.6%)
1.5% (4.5%)
0.3% (0.9%)
0.3% (0.9%)
0.3% (0.9%)
0.2% (0.7%)

30.7% (21.0%)
29.1% (19.3%)
29.1% (19.3%)
26.9% (17.7%)
18.5% (13.4%)
18.5% (13.4%)
18.3% (13.1%)
9.4% (5.4%)

CCn® cCnt CC Nn CC Mes. CCDIS CCQE A — Ny
None 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%
Ngg =1 23.2% (27.5%) 23.4% (16.7%) 16.6% (19.6%) 15.9% (20.9%) 15.2% (15.9%) 30.8% (35.1%) 25.1% (65.7%)
Nvyewo < 6 5.6% (8.2%) 5.6% (5.3%) 6.4% (6.6%) 4.1% (4.9%) 4.6% (3.0%)  5.7% (10.3%)  7.3% (49.6%)

Nrank > 200

(T) € [4600, 6200] ns
Blindness

Good 1T Fits

R, < 500 cm
log(Le/Ly) > 0.05
Good 2T Fits
log(Le/Ly) < 0

M,, € [80,200] MeV/¢*

5.5% (8.0%)
5-4% (7.9%)
5.1% (7.2%)
5.1% (7.2%)
4.9% (6.9%)
1.3% (3.2%)
1.3% (3.2%)
1.3% (3.2%)
0.5% (1.2%)

5.6% (5.1%)
5.5% (5.0%)
5-1% (4.5%)
5.1% (4.5%)
5.0% (4.4%)
0.7% (1.1%)
0.7% (1.1%)
0.6% (1.0%)
0.3% (0.4%)

6.4% (6.5%)
6.3% (6.3%)
6.1% (6.2%)
6.1% (6.2%)
5.6% (5.6%)
3.9% (3.6%)
3.9% (3.6%)
3.8% (3.6%)
1.7% (1.3%)

4.1% (4.9%)
4.0% (4.8%)
4.0% (4.7%)
4.0% (4.7%)
3.6% (4.3%)
2.7% (3.2%)
2.7% (3.2%)
2.7% (3.1%)
0.7% (1.0%)

4.6% (3.0%)
4.5% (3.0%)
4.5% (2.9%)
4.5% (2.9%)
4.1% (2.5%)
2.5% (2.2%)
2.5% (2.2%)
2.5% (2.1%)
0.8% (0.4%)

5-3% (9.5%)
5.2% (9.3%)
4.8% (7.8%)
4.8% (7.8%)
4.8% (7.8%)
0.0% (0.2%)
0.0% (0.2%)
0.0% (0.2%)
0.0% (0.1%)

7.0% (47.6%)
6.9% (46.6%)
5.8% (25.6%)
5.8% (25.6%)
5.7% (24.6%)
1.2% (12.8%)
1.2% (12.8%)
1.0% (9.7%)
0.4% (3-3%)

NOILLDATAS LNIAT "9

Table 6.5: Fraction of each channel remaining after each cut in antineutrino mode Events generated within only the fiducial volume are considered.
The contribution from v,,-induced events is presented without parentheses. The contribution from v -, ve- and V.-induced events is presented
in parentheses. The “Nmn” categories represent resonant multi-pion production. The “Meson” categories encompass all other resonant meson
production. The “A — Ny” category represents radiative delta decays.
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the events are muon-like or electron-like is diminished. Since, log(L./L,) shifts toward
zero for low-momentum 7°, they tend to be lost more often than at higher momentum.
The shape variation in the efficiency in the cos 6 domain can be attributed to the same
reasons just described after taking into account the correlation between p_, and cos 0,0:
forward-scattered n® have high momentum and backward-scattered n°® low momentum.
Since the purity measures signal relative to background and background events have
no associated true m° kinematics, purity must necessarily be measured as a function of re-
constructed kinematics. More detail about calculating the reconstructed kinematics will be
spared for the following section. Furthermore, since n° kinematics are reconstructed for
only those events for which log(L./L,) > —o0.05, we can examine the momentum and an-
gle dependence of the purity for only a few cuts. The purity of the event sample after certain
cuts is plotted in Figures 6.12 & 6.13. Though the log(L./L, ) adversely affected efficiency
at low momentum, it increases purity throughout the momentum range. It is most effective
for n° of moderate momentum. The invariant mass cut exhibits complementary behavior. It

helps reduce the contamination from dirty, n°-producing background at high momentum.

6.5 Selected Events

The collection of events passing each selection cut is known as the NC 1n® box. Out of
6.461 x 10*° POT of neutrino mode data, 21375 events remain in the box. 2789 make their
way into the box out of 3.683 x 10*° POT of antineutrino mode data. Compared to Monte
Carlo, there is a 10.9(8)% excess of data events in neutrino mode. In antineutrino mode,
there is a 5(2) % deficit of data events. Again, these discrepancies are ascribed to an incorrect

cross section prediction.

6.5.1 Photon Kinematics

The reconstructed photon kinematics from the reconstruction under the n° hypothesis are
employed in calculating the reconstructed n° kinematics. The relevant kinematics returned
from the fit are the energy of each photon, E,., the 3-momentum of each photon, p .., and

the opening angle between the two photons, cos 6,,. Assuming the photons were generated
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Figure 6.10: v, /v, NC 1nt° selection efficiency after each cut as a function of p .. The efficiency is taken
relative to signal events in the fiducial volume. In each panel, the top half contains the absolute
efficiencies after each cut and the bottom half shows the change in the absolute efficiency after each
cut.
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Figure 6.11: v, /v, NC 1n° selection efficiency after each cut as a function of cos Or0. The efficiency is
taken relative to signal events in the fiducial volume. In each panel, the top half contains the absolute
efficiencies after each cut and the bottom half shows the change in the absolute efficiency after each
cut.
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Figure 6.12: v/, NC 1n° purity after each cut as a function of p .. The fiducial volume cut includes
an implicit cut of log(L./L,) > —o.0s.
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Figure 6.13: v, /v, NC 11° purity after each cut as a _function of cos 8ro. The fiducial volume cut
includes an implicit cut of log(Le/L,) > —o0.0s.

in a t° decay, the n° kinematics are:

Pro = \/E;1 + E}. + 2E:Ej: cos 0, (6.2)
Zl + ZZ
cos 00 = u (6.3)
prf"

The distribution of selected reconstructed photon kinematics appears in Figure 6.14. The
disagreement between data and Monte Carlo is plainly evident. Correcting the rate of m°
production as a function of p_, dramatically improves agreement between data and Monte

Carlo for these distributions. A demonstration can be found in Ref. [123].
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Figure 6.14: Reconstructed photon kinematics. (a) The energy of the more energetic photon. (b) The
energy of the less energetic photon. (c) The angle between the two photons. (d) The sum of the
photon momenta in the z-direction. The neutrino mode comparison appears on the tap panel of each
subfigure and the antineutrino mode comparison on the bottom. Error on data is statistical.

6.5.2 Partition Selection

We saw in Chapter 5 that unless we plan on collecting infinite statistics, we must create
a partition of the phase space on which we intend to measure cross sections and count
events falling in each bin of the partition. For our purposes, we need only consider one-
dimensional partitions. A partition P on the interval [a, b] is an ordered set (x, = a, ..., xy =
b) satisfying x; < x;;,Vi. Maintaining consistency with the previous chapter, the i bin will
be denoted Q; = [x;, x;y,] and vol Q; = x;1, — x;.

The partition used for the v, p,_, differential cross section was inherited from an earlier

n° analysis conducted by MiniBooNE[123]. It is
P, [p..] = (0.0,0.1,0.15,0.2,0.25,0.3,0.4,0.5,0.6,0.8,1.0,1.5) GeV/c. (6.4)

For the three other measurements, the binning is chosen quasi-objectively. Bin widths
are adjusted so that the occupancy of each bin is uniform and equal to a benchmark value.
For the sake of readability, the location of bin edges was rounded to the nearest 0.01 units.
In some cases, a bin may have to be unacceptably large in order to reach the benchmark

occupancy; in such cases, the benchmark is dropped.
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For the v, p_, analysis, the benchmark is set at 250 events per bin, which yields ten bins:

Py, [p..] = (0,0.13,0.17,0.21,0.24,0.28,0.32,0.37,0.44, 0.57, 1.1) GeV//c. (6.5)

Resolution in the forward direction is a priority for the angular cross sections since coher-
ent NC 1m° production is concentrated there. First, the width of the bin terminating at
cos 0,0 = 11s chosen. The occupancy of that bin is then set as the benchmark occupancy for
the remaining bins. In the neutrino analysis, a width of 0.025 was adopted for the forward

bin. This choice yields a partition with eighteen bins:

P, [c0s 0r0] = (—1,—0.62,—0.34, —0.13,0.06,0.2,0.32,0.42,0.52, 0.6,

0.67,0.73,0.78,0.83,0.87,0.91,0.95,0.975,1). (6.6)

Considering the smaller sample of antineutrino data, the width of the forward bin was set

at 0.04 for the antineutrino analysis. The resulting partition has ten bins:

Py, [cos 00] = (—1,—0.6, —0.22,0.12,0.4,0.6,0.74,0.85,0.91,0.96, 1). (6.7)

6.5.3 Box Composition

It is instructive to more closely examine the composition of the NC 1r°® box. The contribu-
tion of various categories of m° production and the composition of the box with respect
to exclusive channels as a function of reconstructed kinematics are presented in Figures
6.15 & 6.16. The predicted difference in coherent NC 11° production between neutrino and
antineutrino mode is pronounced, particularly in the forward region of the angular distri-
bution. In the forward region, coherent NC 17° production exceeds incoherent. As coherent
NC 11° production is ideal in the sense that only a n° should be produced, the NC 1n° purity
is actually higher in antineutrino mode than neutrino mode when ignoring the sign of the
neutrino. The exclusive NC 11° channels dominate contributions in the intermediate energy
range. Other channels behave quite differently. Understandably, NC n* and NC elastic in-
teractions enter the box at low reconstructed momentum. In contrast, CC 7 production,
other resonant meson production, and DIS do not begin to meaningfully contribute until

incoherent NC 11° production begins to taper off at high momentum. One should take note
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Figure 6.16: NC 11t° box composition as a function of reconstructed cos Or0. The description follows
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of the “Any n°” histogram. This histogram represents all events in which a 7° was gener-
ated, regardless of its origin. For instance, an event in which a neutrino interaction produces
a " which undergoes charge exchange to become a 7° while traversing the detector would

o»

be included in this category. The “Any n°” histogram is nearly equal to the total histogram.
Indeed, at least one 7t° is created in 96% of events in the NC 17t° box in neutrino mode and
98% in antineutrino mode. The MiniBooNE detector performs very well in identifying n°,

but is essentially unable to determine if they originated with neutrino interactions.

>



7 Cross Section Calculation

AD we isolated the NC 1m° signal with perfect purity and perfect efficiency in the
H preceding chapter and reconstructed each event perfectly as well, we would already
have the signal and our task would be quite nearly complete. Recall the relationship be-
tween the cross section and rate presented in Eq. (5.6): we would need only to divide the
rate by the number of targets and the integrated flux. Realistically though, our set of can-
didates is contaminated by background events and does not fully contain all signal events.
Also, the reconstructed kinematics generally deviate from their true value. Calculating the
cross section is a matter of recovering the signal event rate from the candidate event rate by
compensating for the inadequacies just described.

Throughout the cross section calculation, we manipulate histograms, so we need to in-

troduce the appropriate notation.

- We will address the occupancy of the i bin of a histogram as X;. When convenient,
vector notation will be used, namely x = (X;). The reader should be warned, this
notation will likely be violently abused in the sense that conventional operations will

act component-wise on the vectors, e.g. (1/x); = 1/X; or (xy); = X;Y;.
- The normalization of a histogram will be denoted ||x|| = > . X;.
- Histograms filled from Monte Carlo will be indicated by a superscript “MC”

- Histograms for reconstructed variables will be designated by a tilde

151
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- The rates of three general classes of events: signal events, candidate events (events
passing selection cuts), and background events (candidates that are not signal) will
be represented by the symbols n, c and b, respectively. The rate of events satisfying the

signal definition, but induced by a v. or wrong-sign v, will be represented by 1.

- Derived classes of events will be specified by superscript flags. The rate of events
whose true vertex lies in the fiducial volume will be flagged with “f” and the rate of
events passing selection cuts will be flagged with “c” For example, the rate of signal

events in the fiducial volume passing selection cuts is n®/.

We can rephrase the rate calculation in this notation as, “Having determined ¢, what is n/?”
Although we intend to produce only a total cross section for incoherent NC 1m° produc-
tion, we carry out the differential analysis to account for the kinematic dependence of the

efficiency and then integrate the result.

7.1 Background Subtraction

The first correction we institute is to eliminate non-signal events from the candidate rate.
The contribution of wrong neutrino and other background interactions to the candidate
rate appears in Figure 7.1. The substantially larger wrong-neutrino contamination in an-
tineutrino mode owes to the relatively greater production of v, in the antineutrino beam.
The predicted makeup of the background is further elucidated in Table 7.1.

Among the right-neutrino induced sources of background to the inclusive NC 11° signal,
NC n* production is the largest contributor, though it is not overwhelmingly so. Generally,
interactions with products that readily re-interact in the detector and produce a n° are the
most prodigious sources of background. Hence, NC elastic scattering, CC 7 production,
and multi-pion production account for the majority of the remainder of the background. In
charged current events, the lepton goes undetected: it is either captured or lacking in en-
ergy. It may appear peculiar, but the exclusive NC 17° channels also produce background
events, albeit at a very low rate. The n° can charge exchange to a charged pion in the nucleus,
exit the nucleus, and then charge exchange back to a m° outside the nucleus. Additionally,

incoherent NC 11° interactions can produce background if the n° is absorbed and the out-
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Figure 7.1: NC 1n° candidate and background rates. Clockwise from top left: v mode p_, distributions,
v mode cos 00 distributions, v mode cos 60 distributions, v mode p_, distributions. The NC 17°
candidate rate extracted from data (black points) is compared to the predicted rate (brown line) with
systematic uncertainties assessed (see Chapter 8). Data uncertainties are statistical. The rates of
wrong-neutrino signal events (green) and NC 1n° background events (blue) are drawn as stacked
histograms.

going nucleon produces a n° outside the nucleus. The right-neutrino induced backgrounds
are fairly similar between neutrino and antineutrino mode. The largest difference between
the two modes is the additional wrong-sign contamination in antineutrino mode.

The background to the incoherent NC 17° signal is not quite all candidate events that
are not signal. When measuring the incoherent cross section, we must measure the rate of
observable incoherent NC 11° interactions — those interactions producing a 7° that escapes
the target nucleus—and then correct for n° absorption in the target nucleus. As such, we
count signal incoherent NC 1° events that managed to pass the selection cuts in spite of the
n° being absorbed as background. The reconstructed kinematics for these events likely cor-
respond to a 1° that was produced outside the target nucleus. Of course, the largest source
of background to the the incoherent NC 1m° measurement is coherent NC 11° production.

Excluding coherent NC 11° production, the content of the background resembles that of the
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inclusive measurement.

The background rates are not constrained by any in situ measurements. A measurement
of NC elastic scattering was conducted at the same time as this analysis while measurements
of CC QE scattering and CC 1° and nn " production began afterwards. Constraints derived
from the other MiniBooNE analyses would have been consistent with the predictions used in
this analysis. Furthermore, the uncertainty in these measurements is such this dissertation
work would have seen only modest gains.

The candidate rate can be decomposed into
c=#+#+b. (7.1)

In order to isolate 7° we must estimate b and the wrong-neutrino contribution, # ¢. Three

estimates of the b were considered:

. .3, _ _POT zMC
Absolute: b = POTMCb

+ Relative: b = HE‘EEHbMC

+ Fractional: b = EMLCbMC

The absolute estimate is simply the POT normalized background prediction from Monte

Carlo. The relative estimate is the Monte Carlo prediction where the Monte Carlo has been

Inclusive Incoherent Inclusive  Incoherent
Source v v v v Source v v v Y
NC nt 23.0% 13.2% 18.6% 10.8% Coh. NC11° < 1% < 1% 31.7% 41.5%
NCEL 12.8% 5§5.3% 10.8% 4.5% Meson 5.0% 2.5% 3.3% 1.7%
CCn* 14.8% 4.5% 9.2% 2.9% CCQE 5.0% < 1% 3.1% < 1%
CCn° 11.2% 4.4% 7.0% 2.8% DIS 3.5% 1.0% 2.6% < 1%
Nnt 12.4% 7.1% 8.6% 5.0% Other <1% < 1% < 1% < 1%

Incoh. NC 11t° 5.0% 2.5% 2.6% 1.3%

Wrong-sign v 4.6% 56.1% 1.7% 27.5% V.& V. 1.8% 1.4% < 1% < 1%

Table 7.1: Composition of inclusive and incoherent NC 11° background. Entries above the divider gives
the predicted fraction of background events for each signal definition that can be attributed to right-
neutrino induced interactions for the listed channel. The contribution of wrong-neutrino induced
signal events appear below the dividing line.
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normalized such that the total candidate rate agrees with data, i.e. relative normalization.
For the fractional estimate, the background fraction is measured in Monte Carlo and that
fraction is subtracted from ¢. The relative and fractional estimates tie the normalization of
the predicted background rate to that of the observed candidate rate. There is little reason
to believe such a relationship exists, a priori, and given the MiniBooNE policy to attribute
discrepancies between the Monte Carlo prediction of event rates and data to cross sections
rather then the flux, any arguments in favor of the practice become more tenuous. The latter
two estimates also possess the undesirable trait of being predicate on the signal cross section
model. Hence, we choose the absolute estimate in our calculation.

When trying to avoid model-dependence in the estimate of # , the situation is opposite
that of b; an absolute estimate would be maximally model-dependent. Our best hope is
that any model-dependence is at least partially mitigated in the ratio of wrong-neutrino to
right-neutrino production. Thus, we subtract the wrong-neutrino signal fraction. Putting

together the two estimates, we have

RMC.c POT -
e n ( MC) . (7.2)

= ﬁMC,c+ ?’,’i MC,c c—- POTMC

The results of the background subtraction appear in Figures Figure 7.2 & Figure 7.3. The
propagation of statistical uncertainty for background subtraction as well as the calculations

to follow is covered in Appendix A.

7.2 Unsmearing

Numerous detector effects coupled with imperfect reconstruction have the tendency to scat-
ter reconstructed kinematics about their true value or even bias them away. This phe-
nomenon is known as smearing (and many other aliases). For a measurement to be of max-
imum utility to those outside the MiniBooNE collaboration, we must reverse the effects of
the smearing in a process known as unsmearing or unfolding.

We follow the treatment of Cowan[198] for the introductory discussion. The smearing

of a measurement is wholly characterized by the resolution function,

R(x,y) = P(measured value x|true value y). (73)
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which returns the probability of measuring x if the true value of the measurement is y. It
follows as a matter of definition that [ dx R(x,y) = 1V y. Suppose that the pdf for the true

value of a measurement is y(x), then the measured distribution distribution, v, is given by

v(x) = Rlul(x) = / dyR(x,y)u(y). (7.4)

To wit, smearing is a general integral transformation with kernel R. It is trivial to see that
Jdxv(x) = [ dxpu(x); smearing changes only the shape of a distribution and not its nor-

malization.
In practice, we typically address discrete distributions. If we discretize Eq. (7.4) by in-

tegrating over a bin ();, we find that

v = /Q dx v(x)
-/ iy [ Rt

Jo, R, y)u(y)
- [ Ty &7 0) /de”(”

Jo, dx Jo, dyR(x,7)u()
ER D TR

= ZRij!’lj‘ (7:5)
J

R;; is the response matrix. Adopting vector notation, Eq. (7.5) becomes v = Ry, and so
discretization has transformed the integral equation to a matrix equation. Though the res-
olution function R(x, y) is independent of the true distribution, the response matrix is not
since it is averaged over the true distribution in each bin. Assuming p is approximately
constant over each bin, the response matrix is independent of .

Suppose an unknown sample distribution m is drawn from an unknown population
distribution g and we observe m under the influence of smearing R. The observation yields
the smeared distribution, n (not to be confused with the notation for the rate of signal events
used outside this section). If we denote the expectation value of a measure as E[-|, then
E[n] = v = Ry, but it is generally not true that n = Rm because of statistical fluctuations.

The unsmearing question is: knowing n and using it as an estimate of ¥, can we recover m
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and what do we need to do it? This question is an inverse problem, and, clearly, we must
have some knowledge of R to solve it.

R is customarily constructed from a Monte Carlo of the measurement process where
both the measured value and true value can be recorded. Events are drawn from a true
distribution g™<, which is not necessarily equal to u, and passed through the measurement
process, which is understood to apply the same unknown smearing R. The simulated events
fill a two dimensional histogram, MM, such that Mg-/lc gives the number of events with true
values in bin Q; and measured values in bin ;. MM is the migration matrix. Then the

simulated sample distributions and response matrix are

MMC
MC __ MC MC __ MC McC __
m; = E ]\/Iji , n; - = E Mij , sz = i (7.6)
J J J

The expectation values of these quantities are E[mM¢] = uM° E[RM] = R, and E[nM°] =
RmMC. In the ensuing sections, we describe three unsmearing methods relying on various

Monte Carlo derived quantities that provide estimators for p.

7.2.1  Matrix Inversion

Matrix inversion is perhaps the most intuitive unsmearing technique. Eq. (7.5) implies g =

R™'v. Considering that E[n] = v, it is not unreasonable propose
tainv = UinV[n;MMC] = (RMC)_I"’ (77)

as an estimator for m. It is trivial to see that this estimator minimizes the y* between the

smeared value of the estimated true distribution and the measured distribution:

= (R, —n) V(n)" (R, —n), (7.8)

mv

where V(n) is the error matrix for n. We also find that
Elir;,,) = E[(RY)"'n] =R7'v = , (7:9)

that is, g, is unbiased. The absence of bias comes at a cost. Numerically speaking, matrix

inversion is a exceptionally unstable. Since smearing smooths out features in a distribution,



7. CROSS SECTION CALCULATION 159

unsmearing sharpens features. Hence, matrix inversion greatly magnifies even slight per-
turbations in n (relative to v) as though they were real features and the estimate of y will
oscillate wildly. For all but the best behaved measurements, the matrix inversion method is
untenable. As large as the variance in g,  may be, it can be demonstrated (see Ref. [198])
that it has the lowest variance among unbiased estimators. Thus any estimator with lower

variance must be biased.

7.2.2  Tikhonov Regularization

Tikhonov regularization attempts to stabilize the inversion process by minimizing the the
expression in Eq. (7.8) with the addition of penalty term incorporating some a priori knowl-

edge of how g should behave. Specifically, the regularized estimator minimizes
N T ~ N N N
L= (R"u, —n) V(n)" (R™p, —n) + a(Zp,)" (Zp,). (7.10)

The regularization term is the norm of an arbitrary linear operator acting on g, and its
strength is controlled by the parameter «. The operator Z encodes the expected behavior
of u, e.g. a choice of the identity matrix would favor solutions with a smaller norm. The
strength of « is chosen to appropriately weight the competing effects of the regularizing
term against the x*. A preference for the former shifts the estimate toward the a priori ideal
while the opposite shifts the estimate toward the matrix inversion result.

Unsmearing should not change the total number of events, so we minimize Eq. (7.10)
using the method of Langrange multipliers under the constraint ) _. fi,; = Y, n;. The min-

imization has an analytic solution, which takes the form

i, = Ugn; MMC] = Un +

1

Z ((1 - U)n)l] S, (7-11)
where

U = ((RM)"V(n)'R" +aZ'Z) " (RM) V(n) ", (7.12)
Z (R)T V() "RV +aZ'Z) "
Z ((RMC)T V(n)—1RMC + chTZ);'

Si = (7.13)
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The second term in Eq. (7.11) preserves the norm of the estimate.

We expect the physical distributions we are measuring to be smooth. It follows that
an appropriate choice for Z would be the second-order finite difference matrix operator (a
discrete analogue of the derivative), D™, in which case the curvature of #,. is minimized.
The second-order finite difference can be derived by considering the Taylor expansion of an
arbitrary function fabout a point x,. If we evaluate the expansion at the pointsx_ = x, — h

and x, = x, + h!'l, we can isolate an approximation to the second derivative of f, namely

f-ah+fe

S (%) = D® [f](x0;h) = 3 (7.14)

Here, we have abbreviated f{x,) to f. to suggest how D can trivially be extended to vec-
tors. Eq. (7.14) is the second order finite difference. If we calculate the second-order finite
difference of a function over a finite interval, we encounter an ambiguity at the boundary:
At the lower boundary, x;, we can estimate f assuming f = f}, f = f/, or f" = f". We

assume the zeroth order condition, in which case,

D[ f](xi; h) = f+h—_fl (7.15)

and similarly for the upper boundary and x,,,

D[ f|(rch) == (716)
Now, if we define a vector of function values, f= (f;,...,f,), then
—1 1 O O O (6]
1 —2 1 O O
D[ f)(x; 1) 0 1 —2 1 ) 5
: = % o o 1 o o = D(z)f (7.17)
Db [f] (xus 1) 0 o —2 1 O fu
o 1 —2 1

"We assume equal positive and negative differences for the sake of clarity. Because the measurement par-
titions are not uniform, it is necessary to compute the arbitrary case for the analysis, but generalizing the
expression is straightforward if tedious.
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Strictly speaking, the assumption of smoothness applies to the differential histogram, not
the histogram g _ itself. Hence, we have to append a factor to Z to account for the width of
each bin, whereafter Z = D®W " and Wj; = §;jvol ;.

The regularization strength parameter, « is not chosen arbitrarily We chose to ap-
ply the prescription described by Hocker and Kartvelishvili[199]. Disregarding the norm-

preserving constraint, we can rewrite Eq. (7.11) as
DPu = (R+a(R")™) 'n, (7.18)

where

R=/V(n)"RMD®" | #a=/V(n)n (7.19)
The square root of a matrix A is defined such that V/AV/A = A. Note that each element of 7t
now has unit variance and no correlations. In practice, R cannot be computed because D® is
singular; we carry out the equivalent calculation with R™" instead. Computing the singular
value decomposition of R yields three matrices, U, V, and X such that R = UXV', Uand
V are orthogonal matrices, and X is diagonal with X,, > ¥,, > .... The diagonal elements of
X are the singular values of R™*. The columns of V are said to be the input basis vectors of R
and the columns of U the output basis vectors. In these terms, the action of R™* on a vector
is to decompose it in the input basis, scale the components according to the singular values,
and recompose it in the output basis. With D as the choice of regularization operator, the
input vectors of R paired with large singular values have high curvature — they are highly

oscillatory. Substituting the singular value decomposition into Eq. (7.18) yields

2 _
D(z)ﬂtr = Udiag ({ o }) Via. (7.20)

Now we can clearly see what role « plays: it smoothly dampens the contribution of oscil-
latory components, namely those associated with large X;;, to the unsmeared distribution.
If &« = X;;%, components associated with X; Vi < I are suppressed. Thus, the problem of
selecting « is reduced to picking the appropriate X ;.

Since the elements of n are normally distributed with unit variance and V is orthogo-
nal, the elements of V'# are also normally distributed with unit variance.. The expected

smoothness of 71 implies that the first few elements of V' should be statistically consistent
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with zero, meaning that mean of the absolute value of the insignificant elements should be
consistent with \/g . Guided by this principle, we select
1 / 1.65
I=min{j|- Y (Va),— > =5 —1 (7.21)
i Y

It is the last index before the mean of (V'#); up to I becomes inconsistent with \/g at the

SEEN

90% confidence level (1.650).

Tikhonov regularization does much to reduce the instability of matrix inversion with an
appropriate choice of a. There is little danger in underestimating « — the estimate will simply
approach that of matrix inversion; however, overestimating « can produce an aggressively
smoothed distribution with significant shape distortion and little evidence of a failure of the

regularization.

7.2.3 Bayesian Unsmearing

The final technique to be discussed takes its inspiration from Bayes’ theorem. Going back
to the definition of smearing in Eq. (7.3), the action of smearing is defined via a conditional
probability, P(measured value x|true value y). It is intuitive to think that we could recast
unsmearing as smearing in the opposite direction, i.e. from measured to true, in which case
we need to know P(true value y|measured value x). Bayes’ theorem gives

P(true x)

P(measured y) (7.22)

P(true x|measured y) = P(measured y|true x)

We will label P(true x|measured y) the reverse response function, 5. Notice that it requires
an a priort estimate of the true distribution. Since, we are using S to recover the true distri-
bution from a measurement, we can update the prior probability iteratively. Typically, the
initial prior probability distribution is taken to be the true distribution generated in Monte
Carlo and subsequent prior probabilities are taken to be unsmeared measured distribution.
D’Agostini first outlined this procedure[200]. Returning the discrete case, if we denote each

iteration by an (n) superscript, we have

(i)™
(A€ = RMC . (7.23)
! T R (o)™
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Careful inspection of Eq. (7.23) reveals that i€ is the transpose of the row-normalized mi-
gration matrix, as opposed to RM being the column-normalized migration matrix. Finally,

in analogy with smearing,

ﬁ]g") = Ub[n;MMC] = (ﬂMC)(n)n. (724)

7.2.4 Bias

Any bias in unsmearing, i.e. a deviation in the expectation value of the estimate from the true
value, is a systematic error. We have already demonstrated that matrix inversion provides an
unbiased estimator. Tikhonov regularization and reverse smearing will be biased. Naturally,
in Tikhonov regularization, the choice of regularizing operator will bias the result and the
magnitude of the bias varies with «. In the Bayesian unsmearing, the Monte Carlo true
distribution biases the estimate. Cowan[198] gives a first order approximation of the bias

for a given estimator:

- Op "
b= %(RMC.” —n). (7-25)
The vector derivative is defined as (g—z)ij = g—’y‘f. In words, the approximation of the bias is
J

the difference between the smeared estimate and the measurement after being unsmeared
to first order. This expression provides a measure of the bias independent of the particular
mechanism responsible for the bias. Using this expression, we find the the bias in Tikhonov

regularization is

be = U'(R"jt,, — ), (7:26)
in Bayesian unsmearing,
i’b - RMC (RMC[:lb - n‘)7 (727)
and in applying no unsmearing is
boone = (RMC — 1)n. (7.28)

We should keep in mind that these expressions are only approximations for the bias. The
approximate bias is assessed as an uncertainty. The expressions for the bias are not trusted

so far that we would consider applying them as corrections.
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7.2.5 Application

Monte Carlo is used to construct the migration matrix; only right-sign signal events popu-
late the histogram. Per, Eq. (7.6), MM encodes both the response matrix and the sample
true distribution. The Monte Carlo statistics are great enough that the sample true distribu-
tion is a fine estimate of the population true distribution. The simulated migration matrices
for both signal classes appear in Figures 7.4 & 7.5. The figures exhibit a marked difference in
the accuracy of the reconstruction of each kinematic variable. The angular response matrices
demonstrate good resolution throughout the angular range and particularly in the forward
direction. In addition, the angular response matrices does not give any indication of bias:
elements above and below the diagonal appear balanced. Meanwhile, the measurement of
momentum is not quite as ideal. The darker elements above the diagonal suggest that mo-
mentum has a tendency to be reconstructed high. This bias is not unexpected. Like the shift
in the reconstructed invariant mass peak, the overestimated momentum is another manifes-
tation of the light emitted by other particles in dirty events being wrongly attributed to the
n°. Momentum resolution is acceptable for most of the domain, but worsens considerably
at very low momentum. Differences between neutrino mode and antineutrino mode and
the inclusive signal and the incoherent signal are slight. The antineutrino mode inclusive
response matrix is marginally more on-diagonal than its neutrino mode counterpart.

Finally returning to the cross section calculation, we unsmear n‘ to recover n‘:

~MC,c
c ~c. A rMC - ~ POT -yc) ., mc
n = UMM =U {ﬁMQ% 7 MC (C ~ popic? ) M } (7-29)

The four classes of measurements — v, momentum, v, angular, v, momentum, and v,

angular— differ substantially in the characteristics that can affect unsmearing. First, the
statistics of the v, and v, measurements differ by an order of magnitude. Second, the
angular and momentum distributions have radically different shapes in addition to being
subject to different smearing. In light of the uniqueness of the measurements, it is not nec-
essarily appropriate to apply the same unsmearing to each. Rather, we choose to apply the
method that minimizes ||b|| + >_; Vij, where bis the predicted bias and Vs the statistical
covariance matrix for the unsmeared distribution. The calculation of the covariance ma-
trix appears in the accompanying discussion of statistical uncertainty in Appendix A. Since

matrix inversion is inherently unbiased and there is no straightforward, objective method
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to test when it fails (though a cursory visual inspection is usually good enough), we omit
it from consideration. We also reject the case when Tikhonov regularized unsmearing de-
faults to matrix inversion. The unsmearing method chosen for the inclusive measurement
is applied to the incoherent measurement as well.

The result of the application of each unsmearing technique (including matrix inversion)
appears in Figures 7.6 & 7.7. Matrix inversion performs very poorly in most cases. The an-
tineutrino mode results suffer from wild oscillations and enormous statistical uncertainty.
The angular measurements in both modes exhibit non-ideal behavior as well. After evalu-
ation of each method, Tikhonov regularized unsmearing was selected for v, p ., measure-
ments, Bayesian unsmearing for v, cos 6,0 and v, p_, measurements, and no unsmearing for
Vv, cos 0o measurements. The v, p_, measurements were ideal for Tikhonov regularization:
high-statistics allowed a precise choice of the regularization strength and the distribution
shape is quite smooth. For the same ¥, measurement, the reduced level of statistics induces
an overestimation of the regularization strength. While the shape of the unsmeared esti-
mate is smooth, it is so at the cost of significant bias. The assumption of smoothness is less
apt for the peaked angular measurements, which forces the Tikhonov regularized unsmear-
ing to default to matrix inversion, or introduce large bias. Bayesian unsmearing is chosen
for the v, measurement because of this failure. The effect of smearing on the v, cos 0,0
measurements is so slight that low statistics of those measurements quash any benefit from
unsmearing. Hereafter, all kinematic variables will be assumed to be generated when in

reference to Monte Carlo and unsmeared when in reference to data.

7.3 Efficiency Correction

We are now one correction away from recovering the rate of signal events. The last step is
to account for signal events lost to the selection cuts. We begin by discussing the efficiency
as an abstract, continuous function and address the pitfalls of making discrete differential
measurements. The efficiency, ¢(X), is defined such that the rate of events passing cuts is

related to the overall rate of events by:

X =0T ) (730)
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Figure 7.6: Inclusive NC 11° unsmeared signal candidate rates. Clockwise from top left: v mode p_,
distributions, v mode cos 6,0 distributions, v mode cos 0,0 distributions, and v mode cos 80 dis-
tributions. The matrix inversion (green points), Bayesian (blue points), and Tikhonov regularized
(red points) unsmearing methods are compared. The selected unsmearing method is highlighted in
bold print in the legend. Error bars are statistical only.
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Figure 7.7: Incoherent NC 11t° unsmeared signal candidate rates. See Figure 7.6 for description
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Like the resolution function, the efficiency is independent of any underlying rate of events;
it depends only on the kinematics of the events. The usual way of extracting the efficiency
is to calculate the ratio of the rate of events passing cuts to all events in Monte Carlo. To be
as general as possible, we consider the case where the efficiency is measured as a function of
only a subset of the possible variables, call it X, and the remaining variables X,. Then the
extracted, discretized efficiency is

c dNMC,c dNMC
MC — N?AC’ . fQi X, deZT _ fQ,- X, deZ‘E(X) ax (7.31)

COTN T B T [ A

Here, i is a multidimensional index referencing a bin in the partition over domain of X.
Already we see that discretization forces some dependence on the underlying rate, since the
efficiency is averaged (weighted by the assumed rate) over €); and the entire domain of X,.
Ideally, one would measure the efficiency using a flat Monte Carlo distribution to eliminate
dependence the model dependence. If € is does not vary greatly over each bin, the influ-
ence of the assumed rate is limited. The averaging is wholly unavoidable. Considering the
danger otherwise, the measurement partitions should be constructed as fine as statistics and
measurement resolution allow. While this objective was already obvious for the differential
measurements, it was not so for the incoherent measurement, for which we intend to pro-
duce only a total cross section. But it is for this reason that we measure differential cross
sections for the incoherent NC 17° signal to begin with and integrate the cross sections at
the last step. For either signal, we are constrained to measure the efficiency in only one di-
mension. The sample statistics do not support the measurement of double-differential cross
sections.

Because the signal definition for incoherent NC 11° events is defined at the initial neu-
trino interaction, and not in terms of observable products, the selection efficiency for those
events depends on more than the ability to detect n° in the detector. It also depends on
physics, namely the absorption of n° in the nucleus. The fraction of incoherent NC 17m°
interactions resulting in the n° being absorbed in the target nucleus appears in Figure 7.8.
Absorption is predicted by the nuance FSI model as described in §4.2. Recall that though
the nuance prediction is constrained by data, it is still very much uncertain. The overall
incoherent NC 17° efficiency is the product of the n° survival fraction and the detector effi-

Clency.
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Figure 7.8: Fraction of incoherent NC 11t° events with 1° absorption in target nucleus. The fraction is
given separately for production on protons (green line) and neutrons (blue line). Absorption is lower
for production on protons since absorption cannot affect production on hydrogen.

In the most narrow sense, the efficiency is the fraction of events generated in the fiducial

volume that pass cuts:
MC nMC,cf
e = ——; 32
MCT (7.32)

however, events generated outside the fiducial volume can be reconstructed in the fiducial

volume and they must removed. To that end, we introduce the non-fiducial fraction:

nMC,cf
K== MC (7:33)
The product of the two,
—MC SMC nMC’C
MRS e (7:34)
is the quasi-efficiency. It follows that the rate of signal events is given by:
nt nMCf ﬁMC,c ~ POT _— e
nf - EMC = nMC,c U lﬁMC,c+ ﬁ MC,c <C - POTMCb ) ’M :| (735)

Figure 7.9 shows the quasi-efficiency for each measurement. The features of the efficiency
were already discussed in §6.4.

The accuracy of the Monte Carlo in predicting the efficiency for events with low-energy
photons is a serious concern. The behavior of the Monte Carlo can be validated by examining
the angular distributions of photons in the rest frame of the n°. In the n® rest frame, the
photons decay back-to-back and isotropically relative to the n° lab direction. The photon
angle, 9§M, is related to lab quantities by
_ 1 |[Ep —Ep| _ [Ep — Ep|

= = (7.36)
/3110 E)’l +E72 pn"

cos 9§:M
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Figure 7.9: Signal selection efficiency and non-fiducial fraction. Clockwise from top left: v mode p_,
distributions, v mode cos 0,0 fractions, v mode cos 0,0 fractions, and v mode cos 0,0 fractions.

The distribution of HSM should be uniform, regardless of the assumed model of n° produc-
tion. Hence, any shape discrepancy in the distribution can be attributed to detector distor-
tion and selection efficiency. Of course, these effects may depend on p_,, but the point is
that they are independent of the production model.

The reconstructed cos Q;ZM distributions extracted from data and predicted by Monte
Carlo for events passing NC 171° selection cuts appear in Figure 7.10. Photons emitted paral-
lel and antiparallel to the 1° direction (cos Hg‘M = 0) are highly asymmetric in the lab frame.
If the Monte Carlo failed to properly predict the loss of events with low energy photons, one
would expect to find disagreement in the forward direction. Even though the distributions
exhibit significant shape variation, no such disagreement appears at any significant level in

Figure 7.10. The data support the Monte Carlo prediction over the range of cos GgM andp_,.
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Figure 7.10: Angular distribution of photons in 1° rest frame. Left: Comparison of data (black points)
to the Monte Carlo prediction (brown line) over all p_, for NC 11® candidates. The distributions
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7.4 From Rate to Cross Section

In the notation of Eq. (5.5), we have recovered Ng(Q;) = le , then according to Eq. (5.6)

(3,

1 Nf

1

Qi B N7® vol Q;

. 1 nMCfU ﬁMC,C i POT Z)MC ] MMC ( )
" N®volQ; | nMCe | gMCiy gf MCe POTMC ) ; 737

Calculating the number of targets requires only the conversion of the mass density of the

oil into a nucleon density using Avogadros number. Since both protons and neutrons are

targets,

Nr = iﬂR3poilNA = i”(SOO cm)? X 0.845 £
3 3 cm3

u N
X 6.02214 X 102 — X 1 — = 2.6644 X 10> N. (7.38)
gm u
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Inclusive NC 17t° (1074° cm?)  Incoherent NC 11t° (10™*° cm?)

Vu Vu Vi Vi

Pro 478 £0.05 1.49 £ 0.05 5.76 = 0.08 1.28 £ 0.07
cosbl.0 4.74+ 0.05 1.48 + 0.05 5.66 + 0.08 1.28 + 0.07
Mean 4.76 + 0.05 1.48 £ 0.05 5.71+ 0.08 1.28 + 0.07

Table 7.2: Central value total cross sections. Total cross sections per nucleon are presented with statisti-
cal uncertainty. The uncertainty in the mean cross section is calculated assuming the p_, and cos 60
total cross sections are 100% correlated.

The flux is derived from the flux simulation presented in §4.1. The total right-sign flux

produced over the the course of all running perioeds is

Neutrino Running : ® = 3.36 x 10" v, /cm” at (E,) = 0.808 GeV,

Antineutrino Running : ® = 1.08 x 10" v, /cm” at (E,) = 0.664 GeV.

The total cross section is simply the integrated differential cross section, i.e.

A
0 = ZVO]Qi <ﬁ0>
i )

Ideally, we would expect the total cross sections from the angular and momentum measure-

(739)

Q;

ments to be equal. In practice, systematic errors that affect each mode differently break the
symmetry. It would be arbitrary to report one total cross section and not the other, so we
choose to average the two measurements assuming 100% correlation.

The central-value differential inclusive NC 1m° cross sections are shown in Figure 7.11
with statistical error alongside the Monte Carlo prediction of the cross sections. The total
cross sections for both incoherent and inclusive production are listed in Table 7.2. A curious
result is that the exclusive cross section is larger than the inclusive cross section for v, in-
duced production. Since one definition includes the effects of FSI while the other does not,
this outcome is not entirely unexpected.

The cross section measurements are only partially complete at this stage, which is why
we will postpone any deeper discussion of the results for the moment. As is usually the

case in particle physics, the extraction of the cross sections was heavily reliant on the Monte
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Figure 7.11: Inclusive NC 1n°® differential cross sections. Clockwise from top left: v mode p_ . cross
section, v mode cos 00 cross section, v mode cos 80 cross section, and v mode cos 00 cross section.
The measured cross section (black points) is compared to the Monte Carlo prediction (brown line).
Statistical uncertainty only.

Carlo. We must evaluate and assess systematic uncertainties to complete the measurements.

P



8 Systematic Uncertainty

STIMATING the rate of signal events required numerous appeals to Monte Carlo pre-
dictions. Each prediction relies on a host of uncertain parameters. In this chapter, we

evaluate the degree to which these systematic uncertainties influence our measurements.

8.1 Evaluation

8.1.1  Propagating Error

The principle underlying the assessment of systematic uncertainties is a simple one:
1. Identify systematic parameters and their uncertainty.

2. Reevaluate the cross section measurements assuming a new set of parameter values

randomly drawn according to their central value and uncertainty:.

3. Conduct more draws and calculate the covariance matrix for the ensemble of cross

section measurements generated for each random draw of parameters.

Specifically, say G = {g,,g,,...¢,} is a set of correlated systematic parameters with central
value G° and covariance matrix X. We wish to determine the uncertainty in some variable
F due to the uncertainty in G. To do so, we compute a set of multisims in which a new G° is

drawn, assuming G is normally distributed:

G ~P(G;G°,%) = <(2n)§\/det2) ~ exp [—i(G ~G°)'Z (G - 6°) (8.1)

174
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Then the covariance matrix for F, due to G, extracted from n multisims, is

n
1

VE(F) = D Y _(F(G) — E[H) ® (F(G') — E[F)), (8.2)

where D = n if E[F] is independent of F(G*) and suitably adjusted otherwise, e.g. D =n—1
if E[F| = (F(G")). Usually, E[F| is taken to be the central value F(G®).

Two quantities derived from the covariance matrix provide an intuitive picture of the
uncertainty. One, the normalization error, § ¢ gives the size of en masse variations in F under
variations in G. It is defined as the standard error on the total occupancy of a histogram or

differential distribution. Using the properties of the variance, 8¢ is given by

8= N e (8.3)
]
in the case of a histogram and

56 — \/z vol Q; vol ©; V&, (8.4)

y

in the case of a differential distribution. A measure of the shape error is provided by the

correlation matrix,

Ve

G 1
o = ———. (8)
S
Each element of the correlation matrix indicates whether the variation of two elements of F

is likely to be in the same direction (correlated) or in opposite directions (anti-correlated).

8.1.2  Generating Excursions

There are two methods by which a systematic variation maybe generated. In the case that
a variation simply affects the rate of production of certain classes of events, a weight can be
applied to those events rather than generating new Monte Carlo predictions. For instance,
suppose an excursion halves the rate of n production at the target. Rather then recompute
the Monte Carlo, we can simply reweight events induced by a neutrino originating in the
decay of a 1" by a factor of one-half. Most cross section model and neutrino flux systematic

variations can be created in this manner. However, when a variation might affect the event
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topology in detector, the detector Monte Carlo must be reevaluated. Indeed, any variation
in detector parameters must be treated with a full simulation.

The many sources of systematic uncertainty can be grouped into three broad categories,
detector sources, flux sources, and cross section sources. They will be addressed in the fol-
lowing sections. A summary appearing at the end of this chapter lists the normalization un-
certainty due to each systematic group for each measurement. Since the incoherent NC 11°
measurements yield total cross sections, only the normalization uncertainty is cited for them.
The summary tables are followed by plots showing the variation in the measured inclusive
NC 11° for each simulation, the fractional systematic uncertainty in each bin of the mea-

surements, and the correlation matrix for for each systematic group.

8.2 Detector

Variations in the detector response include those in the:
- Optical model + FSI
- Unsmearing bias
+ Charge-time correlation
- Discriminator threshold

The latter two are PMT response variations and both consist of a single excursion (a unisim).
The discriminator threshold is varied from its central value of 0.1 PE to 0.2 PE. The altered
threshold affects hit timing and results in the loss of of some low-charge hits. The charge-
time (QT) correlation variation concerns the shape of the PMT hit charge distribution as a
function of hit time. Early and late hits tend have lower charge and, often, a peak appears
at Jlow charge. As a result of efforts to keep good agreement between data and Monte Carlo
in the prompt hits peak, agreement in non-prompt hits has suffered; the low-charge peak
is more prominent in Monte Carlo than data. The QT correlation variation eliminates the
low-charge, non-prompt hits.

The unsmearing bias described in §7.2.4 is categorized as a detector error. The normal-

ization error corresponding to the unsmearing bias is negligible. Ideally it should be zero:
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the unsmearing was designed to preserve the number of events. However, a shape variation
at the unsmearing stage can converted into a normalization variation after the application
of the efficiency correction.

Optical model excursions consist of the variation of 35 correlated parameters. The pa-

rameters specify the

- Cerenkov scale factor - Refractive index

- Scintillation yield of each fluor - Extinction length

- Fluorescence yield of each fluor - Raleigh and Raman scattering

- UV fluorescence yield of each fluor - Surface albedo

+ Decay time of each fluorescence - PMT angular efficiency

+ Birks’ law - R1408/R5912 PMT relative efficiency

The parameters are varied within the constraints determined by in situ and ex situ analyses
discussed in §4.3.2. Because of computing constraints, the Monte Carlo sample generated
for each excursion was limited to having only data-sized statistics. For neutrino mode, 69
multisims were generated and 130 were generated for antineutrino mode. While it is an
inconvenience to the clear interpretation of the results, the optical model multisims also
address variations in the FSI model in the target nucleus. The two groups of uncertainties
are uncorrelated, but it was convenient from a computing standpoint to merge the two. The
cross sections for pion absorption, pion charge exchange, and AN — NN interactions are
varied by 25%, 30%, and 100%, respectively. The detector and FSI uncertainties effect a
5% normalization uncertainty in the inclusive measurements. As for the incoherent NC 17°
measurements: the significance of correcting for FSI is made abundantly clear in Table 8.2.
The uncertainty penalty incurred is substantial.

As a consequence of the limited statistics of the optical model multisims, the resulting
covariance matrix will include statistical contributions in addition to systematic contribu-
tions. 1o compensate for this shortcoming, the statistical uncertainty due to the optical

model multisims was estimated and subtracted from the covariance matrix.
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8.3 Flux
Systematics affecting the neutrino flux prediction relate to

« Beam characterization « K~ Production

« ™ Production
« K° Production
« 7t~ Production

- K' Production - POT

A 2% error is assessed on the measurement of POT. The error is derived from the differ-
ence in measurements from two toroids at different positions on the BNB.

The beam systematics encompass the parameters influencing the horn magnetic field
and hadronic interactions in the target and horn not producing a secondary meson. Two
parameters affect the horn magnetic field: the horn current and the skin depth. The horn
current is allowed to vary by 1 kA. The difference in the predicted flux for the central value
skin depth of 1.4mm and an excursion to omm is treated as the 10 uncertainty due to that
parameter. The parameterizations of the hadronic interactions first discussed in §4.1.1 are
varied to encompass deviations from available data. Where data are not available for con-
straint, reasonable inferences are made and a healthy uncertainty is assessed.

The remaining systematic groups, namely the secondary meson production groups, are
treated with reweighting multisims. Recall that the meson production cross sections are
given by empirical parameterizations fit to data (see §4.1.2). For the cross sections using
the Feynman scaling parameterization, the parameters are varied within the correlations re-
turned by the fit. In principle, one could and likely ought to do the same for the cross sections
using the Sanford-Wang parameterization. However, the Sanford-Wang parameterization
is not a particularly good fit once it begins to wander away from the central value. In fact,
the parameter that controls the normalization of the cross section assumes an inflated 18%
uncertainty because of inadequacies in the fit. As an alternative, excursions in the n* cross
section are generated by drawing cross section variations directly from the HARP data and
fitting splines to those variations. As a result, the central value Sanford-Wang flux does not

agree with mean of the multisims using the spline fits. The covariance matrix for = varia-
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vy Flux (10"v,/cm?) v, Flux (10"v,/cm?)

Cv 3.35548 1.07815
Beam 3.393 + 0.139 1.079 * 0.031
K° Production 3.356 = 0.001 1.0781 4+ 0.0004
K~ Production  3.35549 & 0.00004 1.079 £ 0.002
K" Production 3.353 £ 0.012 1.07814 + 0.00008
7~ Production 3.3558 + 0.0004 1.18 + 0.12

7" Production 3.722 + 0.408 1.079 & 0.001

Table 8.1: Systematic uncertainty in the integrated flux. Only beam and right-sign pion production
uncertainties contribute to the uncertainty in the right-sign flux prediction. Note the discrepancy
between the mean of the pion production multisims and the central value; it is due to the use of the
spline mechanism to generate excursions.

tions is still measured relative to the Sanford-Wang flux and the difference between the two
predictions is absorbed in the systematic uncertainty.

The flux systematic uncertainties enter the cross section calculation by way of two entry
points: the background estimate and the total flux. The latter has the greatest impact on
the measured cross section and introduces a 100% correlated error across all bins since it
modifies the normalization of the cross section. The correlation matrices for flux systematics
demonstrate this effect. The variation in the total flux for neutrino running and antineutrino
running over each systematic group appears in Table 8.1.

Right-sign pion production by far dominates the contributions among the flux uncer-
tainties and the flux uncertainty is the largest among the three categories. The overall flux
uncertainty contributes a 12% normalization error to the inclusive cross sections. As we
would expect, the impact of wrong-sign pion production in antineutrino mode is larger
than in neutrino mode. This uncertainty does not affect the prediction of the total right-
sign neutrino flux. Its influence owes solely to the uncertainty in the estimate of wrong-sign
backgrounds. Event though the wrong-sign pion production uncertainty is large, it is still
dominated by the right-sign pion production uncertainty. Kaon production uncertainties
are largely confined to high-momentum bins, which in general possess large uncertainties

under many systematic groups.
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8.4 Cross Sections

Uncertainties stemming from particle interaction models in the detector are broken into two

groups:
« Hadronic interactions
+ Cross sections

Hadronic interactions in this context refer to the interaction of photons with nuclei. The
uncertainty in these channels can be large (up to 100%), but the effect on the NC 11t® mea-
surement is still negligible.

The vaguely titled cross sections group covers all nuance parameters other than those
governing FSI. It also includes parameters defining pion absorption and charge exchange
outside the target nucleus. The parameters guiding the output of nuance are numerous.
The four axial masses modeling QE scattering, coherent 11° production, incoherent 17° pro-
duction, and multi-pion production are varied by 6.2%, 27%, 25%, and 40%, respectively.
The normalization of QE events, DIS, and A — Ny interactions are varied by 10%, 25%, and
100%, respectively. The three parameters defining the relativistic Fermi gas model, viz. the
binding energy, Fermi momentum, and Pauli blocked scale factor, are varied by 36%, 14%,
and 0.022, respectively. Last, pion absorption and charge exchange cross sections outside the
target nucleus are varied by 35% and 50%. Since the disagreement between the GCALOR
module and available data is greater than for nuance, the uncertainty assessed on pion in-
teractions outside the target nucleus is greater than that assessed inside the target nucleus.

Sources of cross section uncertainty are the second largest contributor to systematic un-
certainty in the NC 11° cross sections. Overall, the cross section group is responsible for a
~ 7 — 8% normalization error on the inclusive NC 1m° cross sections. They largely affect
the background estimate, since the efficiency correction and unsmearing ought to be inde-
pendent of the cross section models. The cross section uncertainty has an enormous effect
on measurements in the highest-momentum bins. This region suffers from a confluence
of unfortunate circumstances. Not only is the purity lowest in these bins, but the contam-
ination is also comparatively more uncertain. The uncertainty assessed on the incoherent

NC 11° measurements is distinctly larger than for their inclusive counterparts. This dispar-
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ity is a manifestation of coherent NC 11® production being counted as background in the

incoherent measurement.

8.5 Summary

A summary of systematic uncertainties appears on the following pages. Table 8.2 lists the
normalization uncertainty assessed for each systematic category for each cross section mea-
surement. It is followed by plots illustrating the contribution of each systematic group to the
uncertainty in bin of each differential inclusive NC 11° measurement. The several figures
that follow the stacked error plots characterize the systematic uncertainty from each group

individually.

P



Neutrino Mode

Antineutrino Mode

Inclusive Incoherent Inclusive Incoherent
Pro c0s G0 Pro cos G0 Pro c0s G0 Pro c0s Oro
Detector Sources
Optical Model + FSI 2.44%  2.40% 17.22%  17.36% 3.15%  3.00% 16.73% 16.91%
Unsmearing Bias 0.01% 0.08% 0.05% 0.04% 0.33% 0.00% 0.23%  0.12%
Charge-Time Correlation  3.01%  3.41%  4.05%  4.17% 237%  3.10%  4.02%  4.86%
Discrimination Threshold 4.20%  3.86%  5.43%  4.93% 3.15%  2.49%  4.61%  4.12%
Flux Sources
Beam 5.87%  5.84% 7.58% 7.§8% 3.92%  4.07%  6.46%  6.41%
n T Production 10.77% 10.73% 11.33% 11.32% 5.08% 6.383% 9.60% 9.84%
1~ Production 0.30% 0.20% 037% 0.36% 10.08% 9.96% 11.35% 11.05%
KT Production 0.86% 0.85% 1.17% 1.23% 0.79%  0.94%  1.25% 1.41%
K~ Production 0.02% 0.02% 0.02%  0.03% 0.15% 0.17% 0.31%  0.34%
K° Production 0.10%  0.13% 0.11% 0.15% 0.25%  0.32% 0.35% 0.45%
POT Uncertainty 2.00% 2.00% 2.00% 2.00% 2.00% 2.00% 2.00% 2.00%
Cross Section Sources
Hadronic Interactions 0.11% 0.12%  0.14%  0.15% 0.08% 0.08% 0.14%  0.13%
Cross Section Variations 8.03% 8.05% 10.20% 10.46% 6.68%  7.49% 11.23% 12.36%
Total Systematic Error 15.01% 15.85% 25.25% 25.37% 15.08% 15.50% 26.68% 27.31%

Table 8.2: Normalization uncertainty on each cross section measurement by systematic category. Note the substantially larger uncertainty in the inco-

herent NC 1m° measurement stemming from subtraction of coherent NC 11° background and correction for FSI.
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Figure 8.1: Inclusive NC 11t° production differential cross sections with stacked systematic uncertainties.
Clockwise from top left: v mode p_, cross section, v mode cos 6o cross section, v mode cos 0o
cross section, and v mode cos 0o cross section. The fraction of bar occupied by a systematic group
indicates the fractional contribution of that error source to the total variance (square of standard
deviation) in that bin.
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Figure 8.2: Inclusive NC 11t° cross section optical model and FSI model systematics. From left to right: the
cross section variations, the fractional error in each bin, and the correlation matrix for the variations.
From top to bottom: the v, p o, Vi P, Vi €08 O, and v, cos 00 cross sections. The subtracted
statistical error in the systematic variance is represented by a red bar in the variation plots.
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Figure 8.3: Inclusive NC 11t° cross section unsmearing bias. From left to right: the cross section vari-
ations, the fractional error in each bin, and the correlation matrix for the variations. From top to

bottom: the vy p. o, Vi Pros Vyu €08 B0, and v, cos 60 cross sections
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cross section variations, the fractional error in each bin, and the correlation matrix for the variations.
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Figure 8.5: Inclusive NC 11t° cross section charge-time correlation systematics. From left to right: the
cross section variations, the fractional error in each bin, and the correlation matrix for the variations.
From top to bottom: the vy p o, Vi Pro, Vi €0 050, and vy, cos B0 cross sections.
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Figure 8.6: Inclusive NC 11° cross section beam systematics. From left to right: the cross section vari-
ations, the fractional error in each bin, and the correlation matrix for the variations. From top to
bottom: the vy p. o, Vi Pros Vyu €08 00, and v, cos 60 cross sections.
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Figure 8.7: Inclusive NC 1t° cross section 1t production systematics. From left to right: the cross section
variations, the fractional error in each bin, and the correlation matrix for the variations. From top to
bottom: the vy p. o, Vi Pros Vyu €08 00, and v, cos 60 cross sections.
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Figure 8.8: Inclusive NC 11t° cross section 1~ production systematics. From left to right: the cross section
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Figure 8.9: Inclusive NC 11° cross section Kt production systematics. From left to right: the cross
section variations, the fractional error in each bin, and the correlation matrix for the variations. From
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Figure 8.10: Inclusive NC 1mt° cross section K~ production systematics. From left to right: the cross
section variations, the fractional error in each bin, and the correlation matrix for the variations. From
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Figure 8.11: Inclusive NC 1m° cross section K° production systematics. From left to right: the cross
section variations, the fractional error in each bin, and the correlation matrix for the variations. From
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section variations, the fractional error in each bin, and the correlation matrix for the variations. From
top to bottom: the vy, p_ o, Vi Pros Vyu €08 B0, and v, cos B0 cross sections.



9 Results and Remarks

AVING garnered an understanding of how systematic uncertainties impact the mea-
H surements, the pieces are now in place to present the complete results. We begin
this chapter by presenting a consolidated report of the measurements. Then we examine the
measurements vis-da-vis alternative models of coherent NC 11° production. In particular, we
compare our observations to two different models of coherent NC 1m° production, deter-
mine just how sensitive the incoherent NC 11® production measurements are to the choice
of model, and then gauge our success in minimizing the model dependence of the inclusive

measurement.

9.1 Summary of Results

First, we remind the reader of the specifics of the measurements. Each cross section, whether
total or differential, is a flux-averaged cross section. The mean energy of v, in the neutrino
beam is 808 MeV and the average of v, in the antineutrino beam is 664 MeV. Additionally,
the target was was, to good approximation, CH,. The cross sections are reported per nucleon;
the per-nucleon and per-molecule cross sections differ by a factor of the atomic weight of

CH,. The measured total cross sections are:

. vp—induced Inclusive NC 11t° Production

0 = (4.76 £ 0.05,, &+ 0.764) X 10~ *°cm? /nucleon
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+ Vy-induced Inclusive NC 1m° Production

0 = (1.48 £ 0.054, & 0.23,) X 10" *’cm*/nucleon

+ vy-induced Incoherent NC 17° Production (assuming R-S model of coherent NC 17°

production)

0 = (5.71 £ 0.08 + 1.45,,) X 10~ *’cm*/nucleon

+ V,-induced Incoherent NC 11° Production (assuming R-S model of coherent NC 17°

production)

0 = (1.28 & 0.07, & 0.355) X 10~ *’cm*/nucleon

The measurements of incoherent production are compared to the nuance prediction and
prior measurements in Figure 9.5. Only one comparable prior measurement exists, namely
the re-analysis of Gargamelle data performed by E. A. Hawker[143]. The Aachen- Padova
collaboration measured absolute cross sections for both neutrino and antineutrinos [142].
Unfortunately, they measured scattering off only protons, and so we cannot directly compare
our measurement to theirs.

The inclusive measurements are the first of their kind; they have no peers with which to
be compared. The nearest analogues are the inclusive pion production cross section ratios
measured by the K2K and SciBooNE collaborations. Any comparison to these measure-
ments would require an appeal to Monte Carlo, since MiniBooNE has yet to measure the
inclusive rate of all charged current interactions. The differential cross sections appear along

with their total systematic and statistical correlation matrices in Figures 9.1—9.4.

9.2 Coherent NC11t° Production

On the matter of coherent NC 11°® production, we must tread carefully. Since we cannot
identify an NC 1m° interaction as being incoherent or coherent on an event-by-event basis
in the MiniBooNE detector, we are ill-equipped to conduct a nuanced analysis of coherent

NC 11t° production. Indeed, this dissertation work focused on an inclusive measurement
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Figure 9.1: v-induced inclusive NC 11t° production p_, differential cross section. Top: The measured
cross section (black points) is presented with total systematic (green boxes) and statistical (black
bars) uncertainty and compared to the Monte Carlo prediction (brown line). Bottom left: The to-
tal systematic uncertainty correlation matrix. Bottom right: The statistical uncertainty correlation

matrix.
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because of such limitations. Even so, the topic of coherent m° production been receiving
substantial attention, so we ought to address it to the extent that we can. In this section,
we are not performing a measurement of coherent NC 11° production, either expressed or
implied, nor are we evaluating the performance of one model over another. On the contrary,

we wish to assess the implications of alternative models for our own measurements.

9.21 Forward Excess

If we look past the obvious normalization discrepancy between the measured cross sections
and the Monte Carlo predictions, we can see a tantalizing hint of coherent NC 11° produc-
tion in the angular distributions. We noted in Chapter 2 that recent models of coherent n°
production generally agree that the n° production should peak more sharply in the forward
direction. In comparing the data to Monte Carlo in Figures 9.2 & 9.4, we can see that the
data does indeed peak sharply in the forward direction and does so more in antineutrino
mode.

As a sanity check, we make simplest comparison available. Specifically, we test the an-
gular cross sections —the distribution most sensitive to the coherent NC 1m° production
models —against the MiniBooNE Monte Carlo with and without coherent NC 11° produc-
tion. Figure 9.6 illustrates such a comparison. Keep in mind that we scale the Rein & Sehgal
prediction by a factor of 0.65. Coherent pion production is most concentrated in the for-
ward direction. The y* between neutrino (antineutrino) data and the Monte Carlo above
cos 00 = 0.6 1s 8.23 (13.6) with 9 (5) degrees of freedom for the prediction including co-
herent pion production. By this statistic, the agreement is fairly good in neutrino mode:
p(x*) = o.s11. Agreement is less satisfactory in antineutrino mode, where p(y*) = 0.018.
Still, the prediction performs markedly better than one without coherent pion production.
For that prediction, the y* is 45.1 (25.7) in neutrino (antineutrino) mode and the corre-
sponding p-value is 8.6 x 1077 (0.0001).

Both the neutrino and antineutrino data may overwhelmingly favor the model of single
n° production with nonzero coherent content, but that is not to say that they exhibit spec-
tacular agreement with the Monte Carlo prediction incorporating the R-S model. Clearly,

the data exhibit sharper peaking the Monte Carlo. Even when the Monte Carlo is corrected
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Figure 9.6: Comparison of the inclusive NC 111° cos 6o differential cross sections to Monte Carlo with and
without coherent NC 11° production. The Monte Carlo prediction is the MiniBooNE default, which
scales the R-S prediction of coherent m° production by a factor of 0.65. The gray arrow indicate
the region for which the y* between the measurement and predictions is quoted in the text. The
horizontal axis has been scaled to put emphasis on this region.

as a function of p_,, the angular discrepancy persists. Hence, FSI alone cannot account for
the difference. The disagreement gives credence to those who claim that the R-S model, and
the approximations therein, becomes unsuitable at intermediate neutrino energy[121, 122],
but it is far from a confirmation of those claims. Conservatively, the strongest statement that
we can make is that we observe a significant excess of forward scattering above predictions

omitting coherent NC 1m°® production.

9.2.2 Model Dependence

In executing the measurement of inclusive NC 11° production we mitigated dependence on
uncertain model to the greatest possible extent. Avoidance of such models was impossible
for the incoherent NC 1m° production measurements and we were well aware of the possibly
large variation in the measurements upon assuming alternative models of coherent NC 17°
production. In this section we adopt the modern predictions of coherent NC 1m° production
provided by two groups to evaluate to what extent our expectations were met.

The models of Alvarez-Ruso et al.[124] and Amaro et al.[121] are microscopic models of
coherent pion production. The largest difference between the two values is their choice of
the normalization of the axial form factor C in the N-A transition in the Rarita-Schwinger
formalism. Alvarez-Ruso choose the larger value C{' = 1.2 and Amaro et al. the smaller

C{ = 0.867. The predictions are implemented in Monte Carlo by reweighting the affected
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Figure 9.7: Alternative predictions of coherent NC 11° production. The differential rate of coherent
NC 11° production predicted by the MiniBooNE implementation of the R-S model and two alterna-
tive models is shown for neutrinos (top) and antineutrinos (bottom) as a function of p_, (left) and
cos 0o (right). Since the distributions are normalized to POT, differences between the neutrino
and antineutrino rates are due in part to the different fluxes in each mode as well as the cross section
differences.

events. The predicted rates of coherent NC 11° production appear in Figure 9.7 compared
to the default R-S prediction scaled by a factor of 0.65. The effect of small choice of C is
evident: the prediction of Amaro et al. is much less than the prediction of Alvarez-Ruso
et al., which itself falls short of the already scaled down R-S prediction. The Alvarez-Ruso
model predicts a 40% reduction in v, induced coherent n° production and the Amaro model
75%. In antineutrino mode, the Alvarez-Ruso model predicts an additional 10% reduction.
To compare the shapes of the various predictions to our observations, we examine the unit
normalized, predicted rate of forward-scattered candidate NC 11t°® events (those passing
selection cuts). This comparison appears in Figure 9.8. We chose the candidate rate for
comparison since it reflects the data in its most raw form with no corrections applied. The
shape of the modern models does indeed coincide better our observations.

The extraction of the incoherent NC 1m° cross sections under these new models was
carried out in exactly the same way as the original analysis. The results of the alternative

analyses are:
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Figure 9.8: Predicted rate of NC 11° candidates assuming alternative models of coherent NC 11t° production.
The distributions are unit-normalized in the region of interest to eliminate normalization differences.
The systematic uncertainty in the default prediction is represented by the brown box histogram.
The systematic uncertainty for the two other prediction is not shown for the sake of clarity, but the
uncertainty is similar.

+ vy-induced Incoherent NC 17° Production, assuming the Alvarez-Ruso et al. model

0 = (6.20 & 0.08, £ 1.5245) X 10 *’cm?®/nucleon

+ vy-induced Incoherent NC 17° Production, assuming the Amaro et al. model

0 = (6.51 & 0.08, £ 1.564) X 10 *’cm®/nucleon

+ Vy-induced Incoherent NC 17° Production, assuming the Alvarez-Ruso et al. model

0 = (1.62 £ 0.07,,, £ 0.39,,) X 10~ *°cm’ /nucleon

+ Vy-induced Incoherent NC 17° Production, assuming the Amaro et al. model

0 = (1.78 &£ 0.07,, & 0.424y5) X 10~ *’cm’/nucleon

As a consequence of lower predicted rate of coherent NC 11° production, the resulting cross
sections are larger; the v, cross section extracted assuming the model of Amaro et al. is
39% larger. Given the myriad coherent n° production models, we cite the measurements
with a stipulation noting the assumed model of coherent n° production attached in lieu of
assessing the difference as a systematic uncertainty.

The measurement of inclusive NC 1m° production was repeated using the alternative
models as well in an attempt to determine with how much success we suppressed the in-

fluence of these models. The v, total cross section changes by less than one percent under
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either model excursion. However, the v, total cross section decreases by 5.8% upon adop-
tion of the Amaro et al. model and 4.4% for the Alvarez-Ruso et al. model. The deviation
from the original measurement as a function of cos 0. is given in Figure 9.9. The devi-
ation in individual bins of cos 0. can approach 10%. The influence of the models owes
to the subtraction of wrong-sign coherent NC 11° production. Evidently, the wrong-sign
neutrino contamination in antineutrino mode is great enough to permit this level of model
dependence and is wholly unavoidable.

If we choose instead to include the contribution of both v, and v,, and in our measure-
ments, the influence of the coherent NC 1m° production models would be virtually elim-
inated. This benefit comes at the cost of a less physically meaningful result. Even so, the
antineutrino mode cross section would still possess an enhanced contribution from v, and
so would still be valuable as a test of models of NC 11° production. The measurement of
these “all-sign” cross sections was carried out exactly as the right-sign measurements were.
Including the wrong-sign neutrinos, the total flux in neutrino mode is (3.57 £ 0.50,ys) X 10"
(Vy + Vy)/cm? and in antineutrino mode it is (1.58 & 0.214) X 10" (v, + V,)/cm*. The

resulting total cross sections are:
+ Neutrino Mode v, + v,, induced NC 17° Production

0 = (4.56 & 0.05, £ 0.714) X 10~ *’cm’/nucleon

+ Antieutrino Mode v, + v, induced NC 17° Production

0 = (1.75 & 0.044,, £ 0.24,) X 10~ *’cm* /nucleon

The differential cross sections are plotted in Figure 9.10 and the numerical values are reported

in Appendix B.
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Figure 9.10: v +V, induced inclusive NC 1m° production differential cross sections. Clockwise from to
ptVu
left: v mode p_, cross section, v mode cos 8,0 cross section, v mode cos 0,0 cross section, v mode
bid ’ U ’ T ’
Po cross section. These cross sections incorporate the contribution of wrong-sign neutrino induced
events in each running mode.



9. RESULTS AND REMARKS 209

9.3 Conclusion

The experimental study of neutrino interactions has come full circle. The field began with
low-energy neutrino beams, light targets, and the goal of elucidating the structure of the
weak current in the 1960s. As time progressed, experiments pushed higher in energy, ex-
ploiting the neutrinos capacity as the ideal weak probe, to access different physics such as
nucleon structure function. All the while, experiments continued to measure cross sections.
Fast forward to the present, and neutrino oscillation is now at the forefront of the field.
Long-baseline searches for electron neutrino appearance involve sifting through neutrino
interactions at intermediate energies on nuclear targets to find a few scarce signal events.
Understanding how neutrinos interact under these conditions is critical to the success of
the searches and so interest in neutrino oscillation has reinvigorated interest in intermedi-
ate energy neutrino interactions.

Neutral current n° production is the focus of much interest because it is a pernicious
background to electron neutrino appearance searches. Incoherent n° production remains
uncertain, but manageable. Confidence in predictions of coherent n°® production contin-
ues to elude experiment, in part because the interaction is notoriously difficult to model at
intermediate energies and also because a dearth of data prevents the testing and tuning of
models as they are developed

In this dissertation we have presented a thorough description of a measurement of NC
1m® production undertaken as part of the MiniBooNE collaboration. The largest samples
of neutrino and antineutrino NC 11° candidates ever amassed was used to extract the first
absolute and first differential inclusive NC 1m° production cross sections. These measure-
ments have begun to be adopted by leading-generation, long-baseline oscillation experi-
ments [201]. Being inclusive and minimally dependent on the models to be tested, these
cross sections should aid those studying the phenomenology of n° production to test and
refine their models. In particular, the differential cross sections, being function of m° mo-
mentum and n° angle, can disentangle the effects of competing contributing processes. For
instance, the contribution of coherent n° production produces a peak in the angular cross
section, but is fairly flat as a function of momentum. The contribution of final state interac-

tions has the opposite behavior. A legacy measurement of the absolute incoherent NC 17m°
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production cross section was calculated as well. It is one of only three such measurements.

P
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A Statistical Uncertainty

This appendix details the propagation of statistical uncertainty at each point in the calcula-
tion of the cross section. It accompanies the discussion in Chapter 7. We rely on the usual
method of propagation of errors to estimate the covariance of each distribution after ma-
nipulation. To wit, if a quantity, y = {y,}, is a function of several variables x = {x;}, with
covariance matrix V(x), then the first-order approximation of the covariance matrix for y is

Rl D (dy DT
Vi) = a a—kau(x)a—xl = <8_x V(x)a—x ; (A1)

A1 Background Subtraction

The background subtraction formula is referenced in Eq. (7.2), which we reproduce here:

~c ﬁMC7C o POT ~MC

We assume raw histograms from Monte Carlo and data are Poisson distributed and have no

self correlations. The relevant derivatives of the expression are:

on’ _F on¢ B POT F
e opMC  POTMC (A3)
aﬁc ) ﬁ MC,c ﬁc aﬁc ) ﬁc y .3
ORMCe — Fdiag AMCe gMCe | ff MCe = Fdiag FMCc
where
) ,ﬁMC,c
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The statistical uncertainty due to the uncertainty in the data and Monte Carlo can be kept
separate since the data and Monte Carlo are uncorrelated. The error matrices for n¢ from

data, VP (n), and Monte Carlo, VM(n¢), are

o o onT -
VP2 (n°) = e V(c) % F* diagc , (A5)
e OR coon T ot o O T

VMe(w) = obMe V(b >aBMC + OMC.c ME )8ﬁMC,c

on’ L mce. Onc T

T 0 i MCe v )3 i MCc
, POT \*:ve mee( # \° ji MCc
= PQ dlag|:<POTMC) bMC+ }'i MG, (m) (1 + }:IM—C,C):| . (Aé)

A.2 Unsmearing

The unsmeared signal candidate rate depends on the #° and the migration matrix, MMC.
g p g

Then,

on® o . on'
Vo(n) = 5= VO(i) o (A7)
o onf _nonT Onf ont T
VM () = S V¥E(n) roi WV(MMC) IMC (A.8)
The derivative 9% depends on the unsmearing method:
Matrix Inversion: o _ (RMC)—
‘ ons
. o on’ MC
Bayesian Unsmearing: i b\ (A.9)
, : on’
Tikhonov Regularized: — | = U.+s
anc i Yy

Refer to Eqs. (7.23) & (7.13) for a reminder of the definition of the symbols. The con-
tribution to VM€ (n¢) from M™C is rather difficult to calculate in closed form for Tikhonov
regularization and matrix inversion. Instead we employ a bootstrapping method to estimate
the contribution from M™¢ for each unsmearing method. Assuming the elements of MM
are uncorrelated and Poisson distributed, i.e. cov(Mg.’[C, M%C) = Mg.’lc&kdﬂ, we draw a ran-

domized MM®* and calculate the corresponding unsmeared distribution n°* for s = 1..N.
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The covariance of n° measured from these simulations is taken to be VM€ (n°; MMC):

1

VMC<nc;MMC) —
N—1

(n™ —n°) ® (n° — n) (A.10)

M=

N is set at 5000 for the analysis. Bringing together the Eqs. (A.9) & (A.10), we find that

the statistical error matrices for each unsmearing method are:

+ Matrix Inversion

VP (nf) = (RYO) ™ VP () (RYC) ™
VMC(n) = (RMC) ™ VM) (RMC) T VM (' MMC) (A1)

- Bayesian Unsmearing

VP (nf) = SEMC VP () (M)
VME(n°) = AMCVME(77) (M) 4 VMC(nf; MMC) (A.12)

- Tikhonov Regularized

VD( ) U"D Z n sX s

VMC(n") = U VM(n Z (1) | s®@s+VMC(n"; MMC)  (Aag)

Of course, the error matrices are unaffected if no unsmearing is applied.

A.3 Efficiency correction

The signal rate is related to the unsmeared signal candidate rate by
n = S/MC (A.1g)
The quasi-efficiency can be expressed in terms of uncorrelated, Poisson distributed variables

as
nMC,f L nMCf c

~ pMCSff | pMCfo

/MC

(A.15)
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where the fand ¢ flags indicate events not in the fiducial volume and events not passing

selection cuts, respectively. The relevant derivatives are

on' _ 4 1 on' _ diae|— n'
onc 1ag ~Mc eMC onMCfe 1ag nMCie (A.16)
onf . n onf . n n '
onMCff diag nMCF | GpMCfc — diag MCf ~ pMCgc
and
on Lon'
V() = V)
on on' on on T
C . C/,.c MCfc
v ("f> one v (" ) one + OnMCfe V(n ) OnMCfe
on on ' on . on T
* gavicsr V) gicrr T g VO ) g (A-17)
Then
1
VD(nf) d1ag<£/MC> VP (n )dlag< /MC>
‘ L o ‘ n nMCSE | pMCe
V() = d1ag<£/MC> VW () dlag(slm) + diag |:nMC,c NG (A.18)

A.4 Cross Section

When calculating the cross section from the weight, we divide by the number of targets, the

flux, and the volume of each. None of these quantities has any statistical uncertainty, thus

(), = s ) v )

MC (<%{>®) qu)z dlag({Qi}> VA () diag({éi}) . (A19)

The total covariance matrix is simply the sum of the data and Monte Carlo covariance ma-

trices.
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B Cross Section Tables

The tabulated values of each inclusive NC 11° production differential cross section are con-
tained within this appendix. Each table lists the upper edge of each bin in the measurement
partition (the lowermost edge is marked as the upper edge of bin zero), the value of the

differential cross section in each bin, and the total statistical plus systematic covariance be-

tween each pair of bins.

Table B.1: Tabulated values of flux-averaged, p. ., v -induced inclusive NC 11° production differential cross

section.

Bin Upper Edge (GeV/c)

o 1 2 3 4 5 6 7 8 9
0.000 0.100 0.150 0.200 0.250 0.300 0.400 0.500 0.600 0.800

10
1.000

11
1.500

Differential Cross Section (104° cm?/(GeV/c)/nucleon)

1 2 3 4 5 6 7 8 9
1.814 11.935 16.288 15.755 12.847 8.716 4.719 2.111 0.541

10
0.342

11
0.060

Statistical + Systematic Covariance (10 cm#/(GeV/c)/nucleon?)

1 2 3 4 5 6 7 8 9
3.620 §.388 6.945 7.192 6.2900 4.720 2.463 1.595 0.856
5.388 45.476 46.270 34.026 27.189 21.699 8.111 4.960 2.234
6.945 46.270 §57.045 46.023 36.361 27.508 12.879 7.349 3.310
7.192 34.026 46.023 44.882 37.733 24.956 14.640 8.057 3.511
6.290 27.189 36.361 37.733 44.032 26.544 14.909 8.191 4.853
4.720 21.699 27.508 24.956 26.544 19.522 9.268 5.898 3.308
2.463 8.111 12.879 14.640 14.909 9.268 8.568 4.373 2.580
1.595 4.960 7.349 8.057 8.191 5.808 4.373 3.961 1.658
0.856 2.234 3.310 3.511 4.853 3.308 2.580 1.658 1.342
0.414 1.060 1.5§47 1.609 1.508 1.179 1.023 0.822 0.453
0.119 0.173 0.362 0.503 0.499 0.349 0.412 0.303 0.178

O N N AW N e

-
- O

10
0.414
1.060
1.547
1.609
1.508
1.179
1.023
0.822
0.453
0.287
0.083

11
0.119
0.173
0.362
0.503
0.499
0.349
0.412
0.303
0.178
0.083
0.041
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Bin Upper Edge

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
-1.000 -0.620 -0.340 -0.130 0.060 0.200 0.320 0.420 0.520 0.600 0.670 0.730 0.780 0.830 0.870 0.910 0.950 0.975 1.000
Differential Cross Section (104° cm?/1/nucleon)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
0.825 1.101 1.373 1.643 1.987 2.260 2.576 2.815 3.162 3.679 3.937 4.379 4.960 5.495 6.328 7.278 8.418 9.557
Statistical + Systematic Covariance (10" cm4/1/nucleon?)
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

1 0.270 0.335 0.365 0.378 0.594 0.512 0.636 0.606 0.728 0.889 0.941 0.914 1.064 1.278 1.121 1.630 2.008 1.991

2 0.335 0.487 0.498 0.478 0.887 0.681 0.883 0.760 0.971 1.257 1.283 1.174 1.361 1.791 1.204 2.232 2.744 2.488

3 0.365 0.498 0.569 0.573 0.888 0.773 0.957 0.910 1.099 1.350 1.430 1.386 1.§99 1.953 1.700 2.464 2.992 2.922

4 0.378 0.478 0.573 0.749 0.768 0.877 0.997 1.203 1.241 1.262 1.585 1.769 1.949 2.018 2.447 2.556 3.017 3.495

5 0.594 0.887 0.888 0.768 1.870 1.197 1.637 1.197 1.697 2.421 2.315 1.880 2.246 3.378 1.741 4.111 §.161 4.120

6 0.512 0.681 0.773 0.877 1.197 1.209 1.401 1.444 1.628 1.893 2.102 2.196 2.498 2.879 2.927 3.669 4.415 4.670

7 0.636 0.883 0.957 0.997 1.637 1.401 1.809 1.659 1.991 2.468 2.608 2.527 2.916 3.658 3.076 4.562 5.562 4.352

8 0.606 0.760 0.910 1.203 1.197 1.444 1.659 2.125 2.089 2.040 2.660 3.026 3.208 3.396 4.204 4.202 4.994 5.97§

9 0.728 0.971 1.099 1.241 1.697 1.628 1.991 2.089 2.456 2.801 3.093 3.189 3.600 4.188 4.126 §5.275 6.337 6.630

10 0.889 1.257 1.350 1.262 2.421 1.893 2.468 2.040 2.801 3.917 3.683 3.375 3.962 5.312 3.954 6.780 8.308 7.472

11 0.941 1.283 1.430 1.585 2.315 2.102 2.608 2.660 3.093 3.683 4.226 4.155 4.666 5.540 5.142 6.927 8.3908 8.498

12 0.914 1174 1.386 1.769 1.880 2.196 2.527 3.026 3.189 3.375 4.155 4.833 5.217 5.482 6.536 6.953 8.274 9.691

13 1.064 1361 1.599 1.949 2.246 2.498 2.916 3.298 3.600 3.962 4.666 5.217 5.985 6.384 7.246 8.147 9.693 11.046

14 1278 1.791 1.953 2.018 3.378 2.879 3.658 3.396 4.188 5.312 5.540 5.482 6.384 8.204 6.929 10.072 12.227 12.017

15 1.121  1.204 1.700 2.447 1.741 2.927 3.076 4.204 4.126 3.954 §.142 6.536 7.246 6.929 10.898 9.417 10.890 14.352

16  1.630 2.232 2.464 2.556 4.111 3.669 4.562 4.202 5.275 6.780 6.927 6.953 8.147 10.072 9.417 13.825 16.409 16.473

17 2.008 2.744 2.992 3.017 5.161 4.415 5.562 4.994 6.337 8.308 8.398 8.274 9.693 12.227 10.890 16.409 21.078 20.414

18  1.991 2.488 2.922 3.495 4.120 4.670 5.352 5.975 6.630 7.472 8.498 9.691 11.046 12.017 14.352 16.473 20.414 25.00§

Table B.2: Tabulated values of flux-averaged, cos Oro, v -induced, inclusive NC 11t production differential cross section.
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Bin Upper Edge (GeV/c)

o 1 2 3 4 5 6 7 8 9 10
0.000 0.130 0.170 0.210 0.240 0.280 0.320 0.370 0.440 0.570 1.100

Differential Cross Section (104° cm?/(GeV/c)/nucleon)

1 2 3 4 5 6 7 8 9 10
1.129 §.201 5.860 5.258 4.422 3.679 2.844 1.720 0.709 0.113

Statistical + Systematic Covariance (10" cm#4/(GeV/c)/nucleon?)

1 2 3 4 5 6 7 8 9 10
0.617 1.753 1.468 1.082 0.831 0.782 0.676 0.339 0.173 0.049
1.753 7.421 6.348 4.745 3.621 3.236 2.705§ 1.423 0.698 0.187
1.468 6.348 7.440 6.087 4.5§81 3.830 3.129 2.069 0.964 0.232
1.082 4.745 6.087 6.013 4.470 3.385 2.653 1.966 0.908 0.207
0.831 3.621 4.581 4.470 4.110 3.141 2.427 1.712 0.827 0.190
0.782 3.236 3.830 3.385 3.141 2.975 2.439 1.480 0.743 0.179
0.676 2.705 3.120 2.653 2.427 2.439 2.413 1.421 0.698 0.173
0.339 1.423 2.069 1.966 1.712 1.480 1.421 1.264 0.604 0.137
0.173 0.698 0.964 0.908 0.827 0.743 0.698 0.604 0.373 0.089
0.049 0.187 0.232 0.207 0.190 0.179 0.173 0.137 0.089 0.032
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Table B.3: Tabulated values of flux-averaged, p. ., Vy-induced, inclusive NC 11° production differential

cross section.

Bin Upper Edge

o 1 2 3 4 5 6 7 8 9 10
-1.000 -0.600 -0.220 0.120 0.400 0.600 0.740 0.850 0.910 0.960 1.000

Differential Cross Section (104° cm?/1/nucleon)

1 2 3 4 5 6 7 8 9 10
0.378 0.398 0.499 0.608 0.692 0.998 1.333 1.943 2.756 4.062

Statistical + Systematic Covariance (10" cm4/1/nucleon?)

1 2 3 4 5 6 7 8 9 10
0.060 0.036 0.045 0.060 0.070 0.099 0.109 0.162 0.218 0.34§
0.036 0.061 0.050 0.058 0.076 0.103 0.132 0.177 0.244 0.347
0.045 0.050 0.091 0.071 0.092 0.122 0.164 0.21§ 0.307 0.421
0.060 0.058 0.071 0.136 0.120 0.157 0.192 0.269 0.357 0.539
0.070 0.076 0.092 0.120 0.234 0.201 0.257 0.344 0.452 0.704
0.099 0.103 0.122 0.157 0.201 0.411 0.349 0.476 0.651 0.983
0.109 0.132 0.164 0.192 0.2§7 0.349 0.705 0.642 0.854 1.199
0.162 0.177 0.21§ 0.269 0.344 0.476 0.642 1.418 1.171 1.74§
0.218 0.244 0.307 0.357 0.452 0.651 0.854 1.171 2.537 2.339
0.345 0.347 0.421 0.539 0.704 0.983 1.199 1.745 2.339 5.413
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Table B.4: Tabulated values of flux-averaged, cos o, ¥ -induced, inclusive NC 11° production differential

Cross section.
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Bin Upper Edge (GeV/c)

o 1 2 3 4 5 6 7 8 9 10 11
0.000 0.100 0.150 0.200 0.250 0.300 0.400 0.500 0.600 0.800 1.000 1.500

Differential Cross Section (104° cm?/(GeV/c)/nucleon)

1 2 3 4 5 6 7 8 9 10 11
1.741 11.438 15.630 15.098 12.302 8.330 4.§12 2.014 0.516 0.328 0.058

Statistical + Systematic Covariance (10" cm4/(GeV/c)/nucleon?)

1 2 3 4 5 6 7 8 9 10 11
1 2706 §.775 6.754 6.579 5.143 4.060 2.113 1.440 0.750 0.367 0.104
2 5.775 38.478 39.167 29.200 24.410 19.508 7.001 4.227 2.028 0.935 0.157
3 6.754 39.167 49.945 38.665 32.922 23.889 11.404 6.335 2.976 1.385 0.331
4 6.579 20.290 38.665 40.295 31.139 21.930 12.553 7.008 3.128 1.405 0.449
5 §5.143 24.410 32.922 31.139 39.234 22.772 13.094 7.235 4.296 1.344 0.442
6  4.060 19.508 23.889 21.930 22.772 17.180 8.021 5.186 2.963 1.033 0.312
7 2113 7.001 11.404 12.553 13.094 8.021 7.576 3.915 2.316 0.920 0.371
8 1.440 4.227 6.335 7.008 7.235 5.186 3.915 3.516 1.510 0.743 0.276
9 0.750 2.028 2.976 3.128 4.296 2.963 2.316 1.§10 1.211 0.413 0.162
10 0.367 0.935 1.385 1.40§ 1.344 1.033 0.920 0.743 0.413 0.260 0.076
11 0.104 0.157 0.331 0.449 0.442 0.312 0.371 0.276 0.162 0.076 0.037

Table B.s: Tabulated values of flux-averaged, p. ., neutrino mode v, +v  -induced, inclusive NC 11t° pro-
duction differential cross section.



Bin Upper Edge

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
-1.000 -0.620 -0.340 -0.130 0.060 0.200 0.320 0.420 0.520 0.600 0.670 0.730 0.780 0.830 0.870 0.910 0.950 0.975 1.000

Differential Cross Section (104° cm?/1/nucleon)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
0.793 1.05§ 1.317 1.570 1.895 2.154 2.460 2.687 3.020 3.509 3.764 4.197 4.753 5.265 6.074 6.981 8.109 9.170

Statistical + Systematic Covariance (10" cm#4/1/nucleon?)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
1 0.241 0.302 0.325 0.334 0.531 0.455 0.§62 0.532 0.642 0.791 0.830 0.801 0.940 1.139 0.982 1.454 1.811 1.768
2 0.302 0.438 0.442 0.421 0.797 0.606 0.780 0.663 0.854 1.122 1.128 1.019 1.195 1.595 1.115 1.986 2.474 2.199
3 0.325 0.442 0.499 0.500 0.783 0.680 0.836 0.795 0.960 1.186 1.246 1.205 1.400 1.720 1.482 2.168 2.669 2.579
4 0.334 0.421 0.500 0.652 0.667 0.762 0.866 1.052 1.084 1.091 1.379 1.547 1.702 1.768 2.152 2.231 2.655 3.059
5 0.531 0.797 0.783 0.667 1.669 1.059 1.437 1.029 1.475 2.154 2.014 1.595 1.947 2.987 1.444 3.622 4.628 3.605
6 0.455 0.606 0.680 0.762 1.059 1.0§3 1.224 1.253 1.419 1.658 1.833 1.901 2.172 2.529 2.523 3.216 3.902 4.071
7 0.562 0.780 0.836 0.866 1.437 1.224 1.577 1.436 1.727 2.157 2.261 2.183 2.535 3.204 2.662 3.993 4.923 4.687
8 0.532 0.663 0.795 1.0§2 1.029 1.253 1.436 1.862 1.821 1.746 2.313 2.651 2.885 2.963 3.717 3.665 4.376 5.243
9 0.642 0.854 0.960 1.084 1.475 1.419 1.727 1.821 2.135 2.428 2.687 2.776 3.146 3.664 3.610 4.601 5.583 5.807
10 0.791 1.122 1.186 1.091 2.154 1.658 2.157 1.746 2.428 3.459 3.201 2.889 3.441 4.681 3.340 5.946 7.404 6.542
11 0.830 1.128 1.246 1.379 2.014 1.833 2.261 2.313 2.687 3.201 3.664 3.603 4.072 4.847 4.500 6.060 7.430 7.471
12 0.801 1.019 1.20§ 1.547 1.595 1.901 2.183 2.651 2.776 2.889 3.603 4.243 4.565 4.765 §.799 6.051 7.256 8.546
13 0.940 1.195 1.400 1.702 1.947 2.172 2.535 2.885 3.146 3.441 4.072 4.565 5.243 5.594 6.386 7.141 8.578 9.753
14 1139 1.595 1.720 1.768 2.987 2.520 3.204 2.963 3.664 4.681 4.847 4.765 5.594 7.336 6.011 8.859 10.880 10.574
15 0.982 1.115 1.482 2.152 1.444 2.523 2.662 3.717 3.610 3.340 4.500 §5.799 6.386 6.011 9.703 8.186 9.481 12.660
16 1.454 1.986 2.168 2.231 3.622 3.216 3.993 3.665 4.601 5.946 6.060 6.051 7.141 8.859 8.186 12.132 14.563 14.524
17 1.811 2474 2.669 2.655 4.628 3.902 4.923 4.376 5.583 7.404 7.430 7.256 8.578 10.880 9.481 14.563 18.964 18.178
18  1.768 2.199 2.579 3.059 3.605 4.071 4.687 5.243 5.807 6.542 7.471 8.546 9.753 10.574 12.660 14.524 18.178 22.119

Table B.6: Tabulated values of flux-averaged, neutrino mode cos o, v +V-induced, inclusive NC 11 production differential cross section.
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Bin Upper Edge (GeV/c)

o 1 2 3 4 5 6 7 8 9 10
0.000 0.130 0.170 0.210 0.240 0.280 0.320 0.370 0.440 0.570 1.100

Differential Cross Section (104° cm?/(GeV/c)/nucleon)

1 2 3 4 5 6 7 8 9 10
1.260 5.758 6.536 6.005 5.074 4.255 3.371 2.090 0.945 0.178

Statistical + Systematic Covariance (10" cm#/(GeV/c)/nucleon?)

1 2 3 4 5 6 7 8 9 10
1 0.630 1.847 1.530 1.112 0.829 0.786 0.697 0.307 0.173 0.060
2 1.847 7.330 6.384 4.758 3.508 3.218 2.702 1.314 0.691 0.217
3 1.530 6.384 7.423 6.010 4.488 3.823 3.192 2.140 1.051 0.284
4 1.112 4.758 6.010 §.812 4.319 3.261 2.580 2.004 0.968 0.246
5 0.829 3.508 4.488 4.319 3.926 2.984 2.373 1.784 0.924 0.233
6 0.786 3.218 3.823 3.261 2.984 2.913 2.478 1.504 0.888 0.234
7 0.697 2.702 3.192 2.580 2.373 2.478 2.454 1.554 0.859 0.231
8 0.307 1.314 2.140 2.004 1.784 1.§94 1.554 1.497 0.792 0.204
9 0.173 0.691 1.051 0.968 0.924 0.888 0.859 0.792 0.524 0.149
10 0.060 0.217 0.284 0.246 0.233 0.234 0.231 0.204 0.149 0.057

Table B.7: Tabulated values of flux-averaged, antineutrino mode Pros Vu+Vyu-induced, inclusive NC 1m°
production differential cross section.
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Bin Upper Edge

o 1 2 3 4 5 6 7 8 9 10
-1.000 -0.600 -0.220 0.120 0.400 0.600 0.740 0.850 0.910 0.960 1.000

Differential Cross Section (104° cm?/1/nucleon)

1 2 3 4 5 6 7 8 9 10
0.422 0.462 0.596 0.759 0.869 1.224 1.§79 2.259 3.173 4.662

Statistical + Systematic Covariance (10" cm#/1/nucleon?)

1 2 3 4 5 6 7 8 9 10
0.0§7 0.037 0.049 0.066 0.071 0.104 0.107 0.156 0.204 0.327
0.037 0.0§8 0.055 0.066 0.086 0.109 0.138 0.183 0.238 0.365
0.049 0.055 0.090 0.083 0.104 0.135 0.172 0.223 0.308 0.446
0.066 0.066 0.083 0.141 0.140 0.180 0.206 0.284 0.371 0.§90
0.071 0.086 0.104 0.140 0.252 0.229 0.304 0.375 0.480 0.751
0.104 0.109 0.135 0.180 0.229 0.395 0.382 0.504 0.655 1.007
0.107 0.138 0.172 0.206 0.304 0.382 0.699 0.680 0.902 1.260
0.156 0.183 0.223 0.284 0.375 0.504 0.680 1.308 1.161 1.717
0.204 0.238 0.308 0.371 0.480 0.655 0.902 1.161 2.297 2.381
0.327 0.365 0.446 0.590 0.751 1.007 1.260 1.717 2.381 5.037
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Table B.8: Tabulated values of flux-averaged, cos 0o, antineutrino mode v y +v -induced, inclusive NC 17°
production differential cross section.
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